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ABSTRACT 
Although progress has been made, we are still a long way from being able to predict and 
understand the dynamics of demographically “open” aquatic populations. Even though we often 
have a good understanding of events and processes that occur to visible adult stages, particularly 
those of economically important species, in most cases we know very little or nothing about 
processes occurring to early life history stages. One of the main barriers to our understanding is a 
lack of empirical data on young life stages including larval supply, the number of larvae settling 
and the number of settlers that survive the early benthic period (until they become visible). The 
study of early life stages of most aquatic species poses inherent challenges. In a coastal marine 
environment for example, it is difficult to identify larvae to species level, track them across long 
distances in complex oceanic circulation patterns and identify and count small and/or cryptic 
settler stages. It is becoming clear that, for some populations, events that occur to young life 
stages can have the most impact on population dynamics. Thus it is essential that we develop our 
understanding of the early life history period in order to fully comprehend the dynamics of open 
populations. The zebra mussel, Dreissena polymorpha, in an estuarine habitat such as the 
Hudson River, provides an ideal system for examining the early life history period and the effect 
of early life history processes on population dynamics. 
My dissertation research focuses on the early post settlement period of which little is 
known in zebra mussel populations, and indeed, in most other benthic invertebrate populations. I 
investigated early post settlement mortality and estimated the proportion of settling larvae that 
survived the early benthic phase (two weeks after settlement). Estimates of mortality for the first 
few days varied between 83 - 92% and 38 - 88% depending on location and model used (day or 
age). However, by the sixth day of the study, survivorship was high (~ 1) at both sites. 
Consequently, although total mortality over the 14 day period was ~ 55% and 40% (depending 
on site), virtually all mortality occurred over the first few days only; mortality after the first few 
days post settlement was absent or very low. Thus the first few days after settlement are a 
distinct and critical phase for zebra mussels. One caveat to note, however, is that the spacing of 
the settlement plates could have impeded large predators and afforded larvae that settled onto 
experimental plates some protection from crushing. 
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I conducted several experiments to investigate density dependence, a process crucial to 
population regulation. In one experiment, I investigated whether recruitment was dependent on 
the density of just settled larvae and whether the settler – recruit relationship changed over time. 
I manipulated the number of just settled larvae on artificial substrate plates, generating four 
different settler treatment densities (100%, 50%, 25% and 12.5% natural settlement). I tracked 
the density of survivors (i.e. recruits) for a year, sampling at various intervals throughout the 
period. In the early period (up to ten weeks after settlement), a poisson GLMM (treatment x time 
x site) indicated only a significant treatment effect (p < 0.05) with nearly all treatments 
significantly different from each other (the Bonferroni correction threshold of 0.05/ 6 = 0.0083 
was used to correct for multiple testing). In the later period (up to a year after settlement) a 
poisson GLMM (treatment x time x site) indicated significant treatment, time and sites effects (p 
values < 0.05). Only the highest settler treatment density (100%) and the lowest settler treatment 
density (12.5%) were different (the Bonferroni correction threshold of 0.05/ 6 = 0.0083 was used 
to correct for multiple testing). Thus the effect of differential settlement on recruitment differed 
depending on cohort age. In the early benthic phase zebra mussel settlement determined 
recruitment, with increases in settler density leading to increases in recruit density (density 
independent response). I found no evidence of density dependence until about a year after zebra 
mussels had first settled when recruit densities at all four settler treatment densities started to 
converge. Interestingly there was a 10 fold increase in filtration rates in the later period (zebra 
mussels almost doubled in length during a three month period from May to July). It seems likely 
that intraspecific competition for limited food resources is the mechanism generating density 
dependence later in the benthic phase in zebra mussel populations in the Hudson River. 
In a second experiment, I investigated whether recruitment was affected by the density of 
adult conspecifics. I manipulated the density of adults on artificial substrate plates, generating four 
different adult treatment densities (75 - 90% coverage, 45 - 60% coverage, 15 - 30% coverage and 
0% coverage) and allowed natural settlement onto the plates. After five months, I removed all plates 
from the water and estimated recruit density at each adult density. A GLM (negative binomial 
distribution and log link function) indicated significantly higher recruitment on plates with 0% adult 
coverage (p < 0.05). Adult conspecifics had a negative effect on recruitment with significantly 
higher recruitment when adults were absent compared to when adults were present (at any density). 
The main driver for lower recruitment in the presence of adults is likely crushing by large predators. 
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In addition I investigated broad patterns of early life history dynamics at the site and river 
scale in order to provide further insight into processes affecting population dynamics. I estimated 
larval supply and settlement over the reproductive season (May to October) for five years (2002 
to 2006) in order to uncover any temporal changes in important events (for example spawning / 
settlement peaks). In addition I estimated recruitment and survival of post recruits and combined 
data on early life history dynamics with adult dynamics. I found distinct differences between 
early life stage dynamics during the first three years of the study (2002 to 2004) and those 
occurring during the final two years of the study (2005 & 2006). In later years, larval densities 
were significantly lower (p < 0.05) and spawning events were reduced to one per year compared 
with two to four in earlier years. Settlement was significantly higher (p < 0.05) and peaked later 
in the season in later years. Recruits were significantly smaller in later years (p < 0.05) and size 
frequency distributions highly skewed to small sizes compared to normal distributions in earlier 
years. Such differences in early life stage dynamics correspond with a steep decline in annual 
survivorship rates of zebra mussels in the Hudson River (annual survivorship was zero in later 
years). The phenomenon of heavy adult mortality in late summer seems to be the main driver for 
changes in early life history dynamics seen in this study. In addition, I found inverse linear 
relationships between larval density and settler density and between settler density and aggregate 
adult filtration rate. Such phenomena may be important regulation mechanisms for zebra mussels 
and are likely due to intercohort cannibalism. 
My research has identified two likely regulation mechanisms in zebra mussel populations 
in the Hudson River, both acting on young (less than one year) life stages. Thus any attempt to 
understand the dynamics of zebra mussel populations and predict their abundance and spread 
must take into account the early life history period. 
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INTRODUCTION 
Understanding how and why population numbers change over time is one of the 
primary goals of ecology. Such an understanding will enable ecologists to predict the increase 
and decline of populations, knowledge of which is essential for management and conservation 
of species (Minchinton & Scheibling 1991). Many aquatic species, including economically 
important coastal marine species, exhibit a complex two-stage lifecycle with a larval stage in 
the water column that subsequently settles on the benthos and metamorphoses into the adult 
form. Such populations are considered demographically “open”, as population abundance and 
persistence are not dependent on local fecundity and reproduction, but by arrival of larvae from 
elsewhere (Roughgarden et al. 1988, Grantham et al. 2003). To fully understand the population 
dynamics of such organisms requires an understanding of the larval environment and the 
processes that affect survival and growth in the water column; the process of settlement, 
including larval choice, behavior and physical processes that affect larval supply, and the 
processes that affect post-settlement survival and growth in the benthos. Deciphering the role 
of each of these processes in population dynamics is challenging and, even though our 
knowledge has increased dramatically over the past 20 years, has not yet been accomplished 
successfully (reviewed by Pineda et al.2009). However, understanding the importance of these 
processes is the key to solving many management & conservation problems in aquatic ecology. 
Although the importance of early life history stages to population dynamics had been 
recognized (Hjort 1914, Thorson 1950), processes occurring to early life stages (termed 
“recruitment” processes) received little attention in early seminal studies of population and 
community structure. Larvae were assumed to be so abundant that the supply of potential 
recruits was unlimited (reviewed by Underwood & Denley 1984); density dependent post 
recruitment mortality was considered the principle mechanism of population regulation 
(Connell 1961, Menge 1976, Paine 1974). Under this view, patterns of abundance established at 
settlement are obscured by density dependent mortality which acts to dampen down large 
fluctuations in population size, although only intense or ‘‘exactly compensating’’ density 
dependence (sensu Sinclair and Pech 1996) can completely cancel a large pulse in settlement 
(Hixon et al. 2002). 
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Many studies of reef fish populations suggest that post recruitment mortality is indeed, 
density dependent (reviewed by Hixon and Webster 2002). Density dependence can act directly 
(reviewed by Hixon and Webster 2002) or inversely (Sandin and Pacala 2005, Johnson 2006, 
White and Warner 2007). Mechanisms of density dependent post-recruitment mortality include 
intraspecific competition (Schmitt and Holbrook 1999, Holbrook and Schmitt 2002, Forrester 
and Steele 2004, Webster 2004, Johnson 2008, Samhouri et al. 2009), interspecific competition 
(Carr et al. 2002), predation (Oaten and Murdoch 1975, Taylor 1984, Cappuccino and Price 
1995, Johnson 2006) and parasites and diseases (Finley & Forrester 2003, Forrester & Finley 
2006). In many studies, however, the mechanisms of density dependent mortality and how these 
may vary in time and space are for the most part unknown. 
Interest has also grown in understanding the role of recruitment processes in the 
regulation of populations and determination of community structure (Underwood & Denley 
1984, Menge & Sutherland 1987). Doherty (1981) proposed “the recruitment limitation 
hypothesis”; low rates of recruitment could limit population densities below levels where intra or 
interspecific competition occurs. Since then, several studies and models have shown that 
populations are, indeed, regulated by recruitment; regulation occurs because the per capita 
recruitment rate declines as local benthic population size increases. Studies include reef fish 
systems (Victor 1986, Jones 1987, Tupper and Hunte 1994), barnacles (Roughgarden et al. 
1985), kelp (Bence & Nisbet 1989, Nisbet & Bence 1989) and bryozoans (Hughes 1990). In 
these systems, populations are under-saturated and abundance is determined by larval supply; 
post-recruitment mortality being largely density independent (Doherty 1981, Connell 1985, 
Doherty & Williams 1988, Sutherland 1990, Menge 1991). 
It is now accepted that both recruitment and density dependent post recruitment mortality 
play a role in generating population structure, though the importance of each is often unknown 
(Caley et al. 1996, Chesson 1998, Hixon 1998). Indeed, Menge (2000) proposed the recruit-adult 
hypothesis: at low recruitment levels, density-independent processes predominate and 
recruitment is an important determinant of adult abundance. In contrast at high recruitment 
levels, density-dependent post-recruitment processes predominate and recruitment variability has 
little impact on adult abundance (Connell 1985, Roughgarden et al. 1985, Roughgarden et 
al.1988, Menge 1991, Carroll 1996, Menge 2000). However, there is still much debate over the 
relative roles of recruitment versus post recruitment processes in the regulation of 
3 
 
demographically open populations. Indeed, contrary to Menge (2000) who found that 
recruitment was not a good predictor of adult abundance at high recruit densities, Jenkins et al. 
(2008) found that recruitment was, in fact, an important predictor of adult abundance at high 
recruit densities due to a negative relationship under strong “overcompensating” density 
dependence. It is equally likely that populations may fluctuate between being “recruitment 
limited” and regulated by density dependent post-recruitment mortality, thus it is more useful to 
investigate the conditions under which each operates (Strathmann et al. 2002). 
A major challenge to ecologists now, is to ascertain the extent to which recruitment or 
post recruitment processes can determine population structure and abundance. In particular, 
processes affecting populations in the period surrounding recruitment may be critical; yet are for 
the most part unknown. One of the least investigated stages is the early settler stage (Hunt & 
Scheibling 1997, Jeffrey 2003, Osman & Whitlach 2004). A major weakness of many studies is 
that survival of early post settler stages is not studied over appropriate time scales (Caley et al. 
1996) and events affecting early settler stages remain largely unnoticed (Osman & Whitlach 
2004). Thus critical processes that have the potential to structure populations have rarely been 
studied, and data are available for only a few benthic groups, mainly barnacle and ascidian 
populations in the marine intertidal environment (reviewed by Hunt & Scheibling 1997). 
One reason for the scarcity of empirical data is that events affecting early life stages are 
difficult to study. There are inherent difficulties in identifying larvae to species level and 
tracking them across long distances in complex oceanic circulation patterns (Andre et al. 1999, 
Leggett & Deblois 1994, Levin 1990) and identifying and counting small and/or cryptic settlers 
(Caley et al. 1996). Thus a continuing problem of predicting population dynamics is the 
difficulty of evaluating the importance of recruitment versus post recruitment processes in 
population dynamics. The zebra mussel, Dreissena polymorpha, in an estuarine habitat such as 
the Hudson River, provides an ideal system for examining the relative importance of recruitment 
and post recruitment processes. Zebra mussels are the only mollusks in the Hudson that produce 
planktonic dispersing larvae, thus larvae and settlers cannot be confused with other species, and 
populations can be enumerated. In addition, the well-understood hydrodynamics of rivers allows 
an estimate of effects of physical factors, independent of mortality, on abundance. 
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Zebra mussel biology 
Zebra mussels have a complex life history, analogous to life cycles of many benthic 
marine invertebrates. Adults release gametes into the water column and fertilized eggs 
develop into free-swimming, feeding planktonic larvae that remain in the plankton for 1- 9 
weeks (Ackerman et al. 1994, Martel et al. 1995). During this time they may be carried far 
from the natal patch by water movements and currents. Eventually larvae settle out of the 
water column onto suitable hard substrate and metamorphose into the adult benthic form. The 
process of settlement can take several stages as newly metamorphosed individuals can crawl 
over the substratum in search of more suitable sites (Kobak 2001, Toomey et al. 2002) or 
return to the water column and drift by means of byssal threads (Martel 1993). Thus the 
distribution and abundance of adult populations depends on physical, chemical and biological 
processes that affect larval transport, growth and mortality in the water column; the 
availability of suitable hard substrate for larval settlement; larval behavior including larval 
choice and settlement preferences; and physical, chemical and biological processes in the 
benthos that affect post settlement growth and mortality of microscopic settlers, recruits and 
adults. 
Knowledge of early life history dynamics of this species is particularly important 
because the zebra mussel is a successful invasive species with massive economic and ecological 
impacts in freshwater environments (Skubinna et al. 1995, O’Neill 1996, Caraco et al. 1997, 
Karatayev, Burlakova & Padilla 1997, Pace Findlay & Fischer 1998, Strayer et al. 1999, Nalepa 
et al. 2001, Leung et al. 2002, Hecky et al. 2004, Strayer, Hattala & Kahnle 2004). Indeed, 
zebra mussels are thought to be the most aggressive aquatic invader worldwide (Karatayev et al. 
2002) and their success has been mainly attributed to a life history strategy which includes a 
planktonic larval stage (Karatayev et al. 2002). In the Hudson River, research suggests that 
zebra mussels have caused ecosystem-wide effects including reduced phytoplankton abundance 
and disrupted food webs (Caraco et al. 1997, Pace et al. 1998, Strayer et al.1999), as well as 
reduced native bivalve populations (Strayer & Smith 1996). In order to elucidate the 
mechanisms driving the distribution and abundance of zebra mussels, it is crucial to investigate 
the importance of recruitment versus post-recruitment processes in determining population 
dynamics. 
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Study Site – Hudson River 
The Hudson River forms a tidal estuary as far north as Troy dam above Albany 
(stretching approximately 245 km) and tidal excursion ranges from 1-1.5 m. Currents move both 
up and downstream at maximum speeds of 0.5 m s-1 (Carr et al. 2004). The freshwater portion of 
the estuary is restricted to an area from Troy dam in the north at RKM (river kilometer) 248 to 
Newburgh in the south at approximately RKM 100. Here the river can be deep (mean depth ~ 
9.5m) and is turbid, well-mixed and nutrient rich (Limburg et al. 1986, Cooper et al. 1988). 
The Hudson estuary is an ideal system in which to investigate the importance of early life 
history stages to population dynamics; a tidal system has complex bidirectional hydrodynamics 
which may lead to retention of larvae near spawning sites (Carr et al. 2004), a phenomenon that 
is becoming increasingly apparent in marine systems (Cowen et al. 2000, Sponaugle et al. 2002). 
In addition, the population dynamics of adult stages are well known. Adult densities have been 
monitored several times a year since the arrival of the zebra mussel in 1991 (Strayer et al.1996, 
Strayer & Malcom 2006, Strayer et al. 2011). 
Zebra mussels are common on rocky substrate throughout the tidal estuary upstream of 
the saltwater incursion, as well as in embayments along the side of the channel, and are gradually 
spreading out onto soft substrates (Strayer & Malcom 2006). The population has shown short-
term cycling which has been attributed to suppression of young life stages by a large dominant 
cohort (Strayer & Malcom 2006, Strayer et al.2011). However, there is no information on early 
life stage dynamics in this system or indeed, other estuarine systems with which to test this 
hypothesis. 
My dissertation research focuses on the early post settlement period of which little is 
known in zebra mussel populations, and indeed, in most other benthic invertebrate populations. It 
is generally thought that settlement is a critical phase in the life-cycle of the zebra mussel and 
that the transition from the planktonic to the benthic modes of life causes extremely high 
mortality (Kirpicenko 1965, Wiktor 1969, Stańczykowska 1977). However, events occurring in 
the early period just after settlement are unknown; estimates of mortality at settlement either 
suffer from methodological problems or are estimated by comparing larval abundances with 
numbers of one year old animals the following year. Thus early post settlement mortality has not 
been quantified effectively in zebra mussels. Knowledge of such a potentially critical period may 
provide insight into important processes affecting population dynamics. 
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A factor of particular importance to settlement success may be the presence and density 
of adult conspecifics. Arguably the dominant factor involved in settlement site selection by 
larvae appears to be the presence or absence of other organisms, particularly conspecifics (e.g. 
Toonen & Pawlik 2001, Dreanno et al.2007). Zebra mussels commonly occur in dense 
aggregations (Mackie et al.1989) and display gregarious settlement behavior (Chase & Bailey 
1996, Wainman et al.1996, Czarnoleski et al.2003). However, though not investigated directly, 
previous research has suggested trade-offs between gregarious settlement and survival or growth, 
though the results are somewhat contradictory. Thus research is needed on the affect of adult 
conspecific density on recruitment success. 
In addition, density dependence in the post settlement phase has not been investigated 
directly in zebra mussels though it is often implied, for example as the mechanism by which a 
dominant cohort suppresses subsequent younger cohorts (Strayer & Malcolm 2006), the 
mechanism causing slower growth rate of zebra mussels in shallow areas of lakes (Naddafi et al. 
2010) and the mechanism generating differential survivorship rates of larvae in the presence of 
adult conspecifics (Casagrandi et al. 2007). As density dependence has the potential to strongly 
regulate zebra mussel populations, a thorough investigation of density dependent effects in the 
early post settlement period is needed in order to successfully predict population dynamics. 
I used a combination of observational and experimental studies to investigate the 
following process-focused questions: 
1 Is recruitment dependent on the density of settlers and does the settler – recruit 
relationship change over time? 
2 Does the density of adult conspecifics affect recruitment? 
3 What proportion of settling larvae survive the early post settlement period (two 
weeks)? 
 
In addition I investigated broad patterns of early life history dynamics at the site and river 
scale in order to provide context for process-focused questions and provide further insight into 
processes affecting population dynamics. 
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CHAPTER 1 
EARLY POST SETTLEMENT MORTALITY: 
A BRIEF BUT CRITICAL PERIOD FOR ZEBRA MUSSEL SURVIVAL 
Introduction 
Processes affecting survival of early life stages can be the most important drivers of 
population growth (Levin et al.1987, Pineda et al.2009), however our current understanding of 
early life history dynamics is often very incomplete. This is particularly true for organisms with a 
bipartite life cycle as in many marine benthic invertebrate species with larval stages in the water 
column and juvenile and adult stages in the benthos. The link between these two distinct phases 
is the settling stage; a stage of which we know relatively little. In addition, early settler 
survivorship, though unknown for many species, is an important population parameter and is 
crucial for understanding the relationship between settlement rate and recruitment. The settler 
stage is ecologically distinct from other life stages (Werner & Gilliam 1984, Cobb & Wahle 
1994, Gosselin & Chia 1994), and is not subject to the same processes. Investigating such 
processes is challenging in the field due to practical difficulties of identifying and counting 
microscopic and/or cryptic settlers (Caley et al. 1996). However, events happening at this early 
life stage may be critical if they drastically alter the number of individuals surviving to recruit. It 
is imperative therefore, that we address the importance of early settler survivorship to 
recruitment success. 
Studies of early settler stages are few and such studies vary widely in the scale of 
sampling effort: only a fraction of researchers have conducted sampling at fine temporal scales 
just after settlement. Sampling must be frequent enough so as not to confound patterns of 
settlement with patterns of early post-settlement mortality. Variation in sampling interval has 
been shown to affect estimates of post settlement mortality (Michener & Kenny 1991, 
Minchinton & Scheibling 1993, Gosselin & Qian 1996), with estimates of mortality decreasing 
significantly and exponentially as sampling frequency decreased (Minchinton & Scheibling 
1993). Gosselin & Qian (1997) propose that a sampling interval of ≤ 1 day is the most reliable 
method to estimate early settler mortality. In a review of 30 studies that quantified post-
settlement mortality Gosselin & Qian (1997) found 20 studies estimated mortality at levels 
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exceeding 90%. However, only 6 studies quantified mortality during the first 24 hours after 
settlement; the remaining studies probably underestimated settler mortality considerably. 
High mortality is not constant throughout the post-settlement period but is particularly 
high during the early benthic phase (e.g. Stoner 1990, Gosselin & Qian 1996). The first few days 
after settlement appear to be a particularly vulnerable time although mortality rates in the field 
during the first few hours or days of settlement are known for only 2 groups: barnacles and 
ascidians. A critical period for many benthic invertebrates may be the first day of settlement 
(Gosselin & Qian 1997, Hunt & Scheibling 1997). For the barnacle, Balanus glandula, mortality 
during the first day was as high as total mortality during the 44 day subsequent monitoring 
period (Gosselin & Qian 1996). It is generally assumed that mortality during the first few weeks 
is very high for most benthic invertebrates (Thorson 1966, Stearns & Koella 1986). Indeed, two 
studies of tropical colonial ascidians revealed that all settlers disappeared during a 1 to 4 month 
monitoring period (Van Duyl et al.1981, Stoner 1990). However, for some, including 1 small 
tropical ascidian – 63% survived one month (Davis 1987) and for a barnacle, Chthamalus 
anisopoma, 65 to 80% of settlers survived to reach maturity (Raimondi 1990). Thus early post 
settlement mortality can be variable across species and locations (Dalby & Young 1992, Steele 
& Forrester 2002). 
Even though early post-settlement events may be critical for population regulation, 
relatively little is known about this important vulnerable time and what we do know has been 
from research on a few select groups, particularly barnacles and ascidians in the marine intertidal 
zone. Much more research is needed on different groups, in different habitats and over 
appropriately fine temporal scales if we are to truly understand the role of early settlement events 
in population dynamics. 
In the present study, I investigated early post-settlement mortality of the zebra mussel, 
Dreissena polymorpha, in the Hudson River using a fine temporal scale approach. It is generally 
thought that settlement is a critical phase in the life-cycle of the zebra mussel and that the 
transition from the planktonic to the benthic modes of life causes extremely high mortality 
(Kirpicenko 1965, Wiktor 1969, Stanczykowska 1977), but existing studies present conflicting 
results, and many studies suffer from methodological problems. Studies have shown that post-
settlement mortality could exceed 99% (Wiktor 1969, Stanczykowska 1977), although such 
studies compared the abundance of larvae in the water column with the numbers of one year old 
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animals the following year. During a sampling interval of one year, many different events, e.g. 
immigration and/or emigration from the population could have obscured the true mortality 
estimate. In a different study, total mortality was estimated by comparing the percentage of dead 
shells to live animals, four months after settlement on different substrates (Lewandowski 1982). 
Mean mortality estimates were 2.6% - 46.3% depending on substrate type. Dead shells were 
mostly less than 1.5 mm long indicating individuals had died in the first few days / weeks after 
settlement. However, it is likely that mortality was grossly underestimated; predators would have 
ingested some individuals leaving behind no evidence of dead shells and protozoans and bacteria 
would have invaded and broken dead shells apart, particularly the remains of small, just settled 
animals. Mortality estimated by such a method must have been caused by factors other than 
predation e.g. intrinsic ontogenetic factors, environmental factors or disease / parasites. In the 
same study, Lewandowski compared estimates of total larval production with total settler 
numbers over a breeding season and concluded that high mortality (95.8 % – 99.6 %) occurred 
during the transition from the planktonic to the sedentary habitat. He suggested that such huge 
mortality was caused by environmental factors, most importantly, lack of suitable substrate for 
settlement. However, his calculations did not take into consideration mortality in the plankton 
which he assumed to be low. Such an assumption may be somewhat unrealistic. Thus, to my 
knowledge, early post settlement mortality of zebra mussels, using a fine temporal scale 
approach has not been carried out successfully in the field. 
I estimated mortality of just-settled zebra mussels each day over a period of 14 days. An 
estimation of mortality at this potentially critical time enables us to better understand the 
relationship between settlement and recruitment; a key parameter for understanding zebra mussel 
population dynamics. 
Methods 
Zebra mussel settlement commences around June / July in the Hudson River and a heavy 
settlement period can last 2 – 3 weeks (unpublished data) with usually at least two settlement 
events during a season. I sampled the first settlement event of the year so there would be no 
small drifting unattached settlers from a prior settlement event that could migrate onto my plates 
to confound the data. I employed a destructive sampling regime as settlers are microscopic (200 
– 250 µm) and I had no way of counting or measuring them in situ in the field. Sampling effort 
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was concentrated on the very early settler stage which has been least studied. Survivorship and 
growth rates were estimated daily for two weeks after initial settlement. In order to capture some 
of the natural spatial variation in population dynamics, I conducted the study at two sites, both 
representative of habitat available for zebra mussel settlement in the river. The southerly site is 
Norrie Point Marina (river Kilometer 134), a non-vegetated sheltered embayment with a fine silt 
bottom. The northerly site is just north of Magdalene Island in the main river channel at Tivoli 
(river Kilometer 163), a rocky substrate in close proximity to a dense bed of submerged aquatic 
vegetation, primarily Vallisneria americana. 6-Series Multiparameter Sondes (YSI Incorporated, 
Yellow Springs, Ohio) were deployed at both sites to measure environmental variables: 
temperature, depth, Sp conductivity, dissolved oxygen concentration (DO) and chlorophyll 
concentration. Instruments were set to log data every 30 minutes over the course of the sampling 
period. 
I estimated numbers of larvae settling per day and cumulative numbers of settlers on each 
day of the study (settlement was continuous) using artificial substrate plates. One set of plates 
was deployed each day and collected the next, providing numbers of larvae settling each day. A 
second, duplicate set of plates was deployed to measure cumulative numbers of settlers 
(survivors and new settlers) on each day of the study. The sampling unit was a 600cm2 area of 
artificial PVC substrate separated into 10 x 60 cm2 circular sub-unit plates. Plates were threaded 
onto 2 aluminum rods (5 plates per rod) and separated from each other using PVC separators. 
Rods were then fixed into either a 40 x 20 cm PVC frame to estimate daily settlement (Fig 1.1A) 
or an 80 x 100 cm PVC frame to estimate cumulative settlement (Fig 1.1B). Each daily 
settlement frame was placed next to a larger cumulative frame and three replicate pairs of frames 
were positioned several meters apart at each site at depths between 3 and 4 m. 
Daily settlement sampling 
Three replicate 40 x 20 cm PVC frames (Fig 1.1A) were deployed on day 0 of the study 
(6/24/2005 at Norrie, 6/25/2005 at Tivoli) at each site. Each frame was leashed to airline cable 
which was secured underwater using a cinder block on one end and attached to the shore at the 
other end. A rope attached to the frame enabled the frame to be lowered from the shore into the 
water and pulled up again each day for rod removal and replacement. Rods were removed from 
the frame using bolt cutters and immediately placed in jars containing 70% ethanol for transport 
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to the laboratory for processing. A fresh set of rods was replaced daily containing plates that had 
been conditioned for at least one week in filtered river water to permit the establishment of a 
biofilm. 
Cumulative settlement sampling 
Three replicate 80 x 100 cm PVC frames (Fig 1.1B) were deployed on day 0 of the study 
(6/24/2005 at Norrie, 6/25/2005 at Tivoli) at each site. Two rods, chosen randomly, were removed 
daily from each replicate beginning on day 2 and lasting for 14 days. Each frame was secured 
underwater by a rope attached to a cinder block and remained underwater for the duration of the 
study. Rods were collected by duck diving from the surface using a mask and fins and cutting 
rods from the frames using bolt cutters. Rods brought to the surface were immediately placed in 
jars containing 70% ethanol for transport back to the laboratory for processing 
On the first day of the study (day 0), all sampling units (daily & cumulative) were 
deployed at each site. On day 1, daily sampling frames were hauled out of the water, plates were 
removed and replaced with clean plates and then frames were returned to the water. On day 2, 
daily sampling units were removed and replaced as before and the first cumulative sampling 
plates were also removed (by duck diving from the surface) but not replaced. This procedure 
continued for 14 days, until the last cumulative sampling plates had been removed (Fig 1.2). 
In the laboratory, plates were examined under the microscope and daily settlers were 
counted and cumulative settlers were counted and measured. Note that cumulative numbers are 
made up of settlers that had survived from a previous day / days and larvae that had settled on 
that same day also. 
Data Analysis 
Survivorship 
Daily survivorship rates were estimated using the formula: ci - di / ci-1, where ci is the 
cumulative number of settlers on day i, di is the number of larvae that settled on day i and ci-1 is 
the cumulative number of settlers on the previous day. For day 2 of the study, survivorship was 
estimated by c2 / (d1 +d2). As settlement was continuous, individuals collected on cumulative 
plates would have been of mixed age as the study progressed. Thus the model above provides 
estimates of survivorship as a function of day. 
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To estimate age-specific survivorship rates, I used the following model: 
c2 = d2.s2 
c3 = d2.s2.s3 + d3.s2 
c4 = d2.s2.s3.s4 + d3.s2.s3 + d4.s2 
…………………… 
c15 = d2.s2…s15 + d3.s2…s14 + d4.s2…s13 + ……. + d15.s2 
 
where ci = mean number of cumulative settlers on day i, di = daily settlement on day i, 
si = survivorship on day i. 
 
Due to intrinsic variation in numbers of settlers between plates, I smoothed out 
cumulative settler numbers by fitting a non-linear regression in Sigma Plot V12 on the means. 
For Norrie the best fit was a log function y = 7.94ln(x)-3.7165 (r2=0.84), for Tivoli a power 
function y = 4.5607x0.7043 (r2=0.5). I used the predicted values of y (cumulative settlers) in the 2 
survivorship models. 
Growth 
Two outliers were identified in the settler length data which must have been due to 
immigration onto experimental plates by animals that settled prior to commencement of the 
study. Both outliers were removed from subsequent analyses. To test for any difference in length 
of animals at the two sites, I used a Welch-Satterthwaite t-test on data from day 12 of the study. 
Mean settler lengths were best fitted by a sigmoidal function plotted using Sigma Plot 
V12: f = a/ (1+exp(-(x-x0)/b)). Co-efficients and r2 values are: a=1342.8953, b=8.8999, 
x0=15.06 & r2=0.98 (Norrie) and a=521.905, b=5.6065, x0=2.3906 & r2=0.86 (Tivoli). 
Settler length data was further investigated using size frequency histograms. 
Results 
Daily settlement tapered off to low levels by the end of the 6th day at both sites (Figs 1.3 
and 1.4). Cumulative settler density was higher by the end of the study at Tivoli than at Norrie 
(notice the different scale on the y axis Figs 1.3 & 1.4). In addition, more larvae settled in total 
during the two week sampling period at Tivoli: total settler density at Tivoli was 51.67 per 600 
cm2 (+/- 13.54) compared to 41.67 per 600 cm2 (+/- 6.67) at Norrie (Fig 1.5). 
Lowest survival rates were recorded at Norrie on the second day after settlement (Figs 
1.6 A and B). At Norrie, survivorship (as a function of day) fluctuated widely between 0.08 & 
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1.31 during the first six days (Fig 1.6A). At Tivoli, survivorship remained low for the first three 
days (0.12 to 0.33) but increased steeply thereafter. However, by day 6 of the study survivorship 
reached 1 at both sites and remained ~ 1 for the remainder of the two week period. Survivorship 
as a function of age followed a similar pattern, although at Norrie survivorship reached 1 by the 
third day after settlement; at Tivoli, survivorship reached 1 by the fifth day after settlement, with 
a dip to 0.79 at 7 days after settlement (Fig 1.6B). Thus, apart from some wide fluctuations 
during the first few days, survivorship as a function of either day or age remained fairly constant 
(~ 1) for over half of the 14 day study period. Note that survivorship values greater than 1 are a 
consequence of non-uniform settlement on daily and cumulative plates and I consider such 
values to be 1. 
By the end of the 14 day sampling period, mean settler density on cumulative plates was 
18.67 (+/- 3.84) per 600 cm2 at Norrie and 31.50 (+/- 2.5) per 600 cm2 at Tivoli (Table 1.1). A 
mean total of 41.67 larvae (+/- 6.67) per 600 cm2 had settled at Norrie compared to 51.67 larvae 
(+/-13.54) per 600 cm2 at Tivoli (Fig 1.5). Thus total survivorship over the 14 day period can be 
calculated as follows: 18.67 /41.67 = 44.8% at Norrie and 31.50 /51.67 = 60.96% at Tivoli; total 
mortality was ~ 55% (Norrie) and ~ 40% (Tivoli). 
By day 12 of the study, mean settler length at Norrie was significantly greater than at 
Tivoli t (75.956) = 3.304, P = 0.001, although settler lengths were similar initially (Fig 1.7). 
Growth rate at Norrie showed a gently accelerating response over the 14 day period whereas 
growth at Tivoli appeared to decelerate towards the end of the 14 day period (Fig 1.7). However, 
there was an increase in the percent frequency of the two smallest size classes towards the end of 
the study (Figs 1.8 & 1.9), particularly at Tivoli, suggesting new settlement or immigration had 
perhaps occurred. 
Temperature did not vary much between the two sites (Fig 1.10) with a temperature range 
at Norrie between 22.15 – 26.57 o C and a range at Tivoli between 23.55 and 27.51 o C. 
Temperatures at both sites showed a steady increase up to a peak of over 27oC on July 1st (day 6) 
at Tivoli and of just over 26 o C on 5th July (day 11) at Norrie. Dissolved oxygen concentrations 
were higher at Tivoli and ranged from 6.79 to 10.25 mg / L (Fig 1.11). At Norrie, dissolved 
oxygen concentrations varied between 4.21 and 8.46 mg / L. However, chlorophyll values were 
higher by an order of magnitude at Norrie (Fig 1.12), ranging from 1.1 to 210.5 µg / L compared 
to 0.7 to 10.8 µg / L at Tivoli (Fig 1.13). 
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Discussion 
The first few days after settlement are a distinct and critical phase for zebra mussels. 
Estimates of mortality at Norrie varied between 83 - 92% for the second day depending on model 
used (day or age models). At Tivoli, estimates of mortality over the first four days post 
settlement varied between 38 - 88%. However, by the sixth day of the study, survivorship was 
high (~ 1) at both sites. Consequently, although total mortality over the 14 day period was ~ 55% 
and 40% for Norrie and Tivoli respectively, virtually all mortality occurred over the first few 
days only; mortality after the first few days post settlement was absent or very low. 
One caveat to note is that mortality may have been underestimated for settlers older than 
12 days; the two smallest size classes increased in percent frequency towards the end of the 
study, particularly at Tivoli (Figs 1.8 & 1.9) suggesting new settlement or immigration onto 
cumulative plates which was not evident on daily plates. However, as survivorship estimates for 
this period were often > 1, particularly at Tivoli, any underestimation of mortality would likely 
have been small. Another caveat to note is that estimates of survivorship do not take into account 
emigration but rather assume losses are due to mortality. However, the likelihood of emigration 
must be balanced by a similar likelihood of immigration. Thus I have assumed the net effects of 
emigration and immigration were zero. 
The present study provides evidence that only a small fraction of zebra mussels survive 
the critical period just after settlement. Such high mortality over a brief period of time suggests a 
survivorship bottleneck for zebra mussels as they undergo transition from the planktonic to the 
benthic mode of life, similar to a developmental bottleneck in the plankton as they transition 
from the D to the umbonal veliger stage (Schneider et al. 2003). It is interesting to note that 
though mortality was high over the first few days, it was variable between sites, suggesting the 
importance of environmental factors. As survivorship up to a year after settlement is relatively 
independent of density (chapter 2), variation in mortality during this early critical phase will 
likely lead to similar variations in recruit and adult abundances. Thus an understanding of the 
causes of such high mortality during those first few critical days post settlement is crucial to 
understanding zebra mussel population dynamics. 
One of the major causes of early settler mortality is often assumed to be predation 
(Thorson 1966, Stoner 1990, Hurlbut 1991) or crushing by grazers (Connell 1961, Dayton 1971). 
However, it seems unlikely that predation (or competition) would only operate during the first 
21 
 
few days post settlement and then end abruptly (survival was high after the first few days); there 
was no substantial increase in size of settlers between two and six days post settlement (Fig 1.7) 
that could account for extreme vulnerability to predators or competitors during the first few days 
only. Intra-specific competition within or between zebra mussel cohorts has been suggested as a 
significant mortality factor for zebra mussel populations (Lewandowski 1982, Strayer et al. 
1996, Molloy et al. 1997, Strayer & Malcom 2006). However, Wacker and Von Elert (2008) 
showed that juvenile zebra mussels were superior competitors under conditions of low food 
availability compared to their adult counterparts; just-settled mussels may not necessarily be 
losers during any competitive interactions with adults. In fact, I found no evidence of density 
dependence until zebra mussels are approx 1 year old (chapter 2). 
The variability of early post settlement mortality between sites suggests that 
environmental conditions must affect mortality rates. However, there were no obvious 
differences in environmental conditions that I measured that could have accounted for such high 
mortality during the first few days compared to later in the study (Figs 1.10 – 1.13). Perhaps 
higher mortality at Norrie compared to Tivoli was due to a higher loading of pollutants in Norrie 
marina compared to the main channel at Tivoli. I would expect toxic chemicals from oil, fuel, 
anti-fouling paints and disinfectants / surfactants would be at higher concentrations in a busy 
marina compared to the main channel. Just-settled larvae may be particularly susceptible to the 
effects of pollutants compared to older settlers. Interestingly, adult densities tend to be much 
lower at Poughkeepsie (RKM 120) (Dr. David L. Strayer pers. Comm..). Perhaps low adult 
densities are driven by susceptibility of just settled larvae to pollutants or other deleterious 
environmental conditions near a large conurbation. 
In addition to environmental conditions and / or water quality issues, it seems likely that 
high mortality during the early critical phase is the result of intrinsic properties of the settlers that 
make them extremely vulnerable to mortality at the onset of benthic life. Such vulnerability 
appears to be a trait shared with many other benthic invertebrates displaying a bipartite lifecycle 
(reviewed by Gosselin & Qian 1997). In fact, settling larvae face two major challenges: 
metamorphosis, during which time substantial reorganization of the body occurs, affecting 
anatomy, physiology and metabolism (Chia & Burke 1978) and the transition from the plankton 
to the benthos, when larvae are exposed to a very different set of environmental conditions over 
a short period of time. For example, just settled zebra mussels would be vulnerable for the first 
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time to mortality from the effects of silt deposition (Young & Chia 1982, Schiel 2004), scouring 
by waterborne material (Connell1961) or dislodgement by algal fronds (Lewis 1964, Hawkins 
1983). It is likely that traits conferring success in the larval stage may not necessarily confer 
advantages in the very different environment of the benthos. In addition, developmental 
complications could arise for zebra mussels as they metamorphose into the benthic form and 
physiological defects (either genetic or environmentally induced) during metamorphosis could 
account for early settler mortality (Mackenzie 1981, Gosselin & Chia 1994, Roegner & Mann 
1995). Other factors that could lead to high mortality in the very early benthic phase include 
latent effects (sensu Pechenik 2004) caused by short term starvation, delayed metamorphosis or 
exposure to sublethal concentrations of pollutants in the planktonic larval phase (reviewed by 
Pechenik 2004). In possibly the only study investigating latent effects in zebra mussels, Wacker 
and von Elert (2002) showed that larval diet history exerted a strong influence on subsequent 
post-settlement growth and that both low food quantity and low food quality during the larval 
stage led to inferior competitive abilities for post-metamorphic animals. It seems likely therefore, 
that in the absence of effective predators and competitors, early post-settlement survivorship of 
zebra mussels in the Hudson River may well be driven by abiotic conditions in the river and 
intrinsic properties of zebra mussel settlers themselves. Intrinsic properties could be either 
genetically or environmentally induced and may include latent effects caused by past experiences 
in the plankton. Such factors have been little studied, particularly in zebra mussels but certainly 
warrant further investigation. 
The critical period for settler survival was brief, however, lasting only ~ five days, and 
animals that survived this period suffered little or no mortality subsequently (at least over the 
duration of the study). To my knowledge such high survivorship in the very early benthic phase 
has not been documented before. High survivorship after a brief critical period indicates that 
zebra mussel settlers in the Hudson River are not subject to much direct predation pressure (but 
see chapter 2 regarding strong indirect predation pressures) or strong intra or inter-specific 
competition, at least after the first few days post settlement. Indeed, zebra mussels tend to be the 
dominant competitor in benthic communities and often displace indigenous species (Karatayev et 
al. 1997). However, little or no predation of just settled zebra mussels is in marked contrast to 
many benthic marine invertebrate populations where early life stages suffer huge mortality due 
to predation (Young and Chia 1982, Elmgren et al. 1986, Pohle et al. 1991, Gosselin & Chia 
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1994, Osman and Whitlach 1995) and could be a consequence of their relatively recent invasion 
of the Hudson River. Perhaps zebra mussel settler stages do not have many natural predators in 
the Hudson river and any potential predators may not yet have “learnt” to utilize them as a food 
source because of the relatively short time (20 years) they have co-existed together in the river. 
One caveat to note, however, is that the spacing of the settlement plates could have impeded 
large predators and afforded larvae that settled onto my experimental plates some protection 
from crushing (see chapter 2). Thus those larvae that settle onto natural substrates may suffer 
higher mortality than those larvae that settled onto artificial substrate plates in this study. 
Another caveat is that high survivorship of zebra mussel settlers after a brief critical period may 
not be spatially and temporally consistent. Survivorship may be affected by the presence or 
absence of predators at certain times of the year (for example the blue crab, Callinectes sapidus, 
is a significant predator of adult zebra mussels but is not present in the freshwater portion of the 
river until late summer, early Fall) and may depend on other factors not considered in the present 
study, for example the proximity of settlers to adult conspecifics (those larvae that settled in 
close proximity to adults may be more susceptible to incidental crushing by large predators). 
Settler abundance and growth rates 
Total settler density was higher at Tivoli than at Norrie (Fig 1.5) which is likely due to 
more larvae arriving at Tivoli compared to Norrie; Tivoli site is situated in the main channel 
whereas Norrie site is situated in a sheltered embayment (chapter 3). Alternatively, if larvae 
preferentially settle with conspecifics, adults were in higher abundance at Tivoli compared to 
Norrie (personal observation) due to prevalence of hard substrate suitable for settlement at 
Tivoli, which could explain the difference in settler numbers. 
Although mean length of settlers at the end of the two week sampling period was greater 
at Norrie than Tivoli, a potentially confounding factor of growth rates was the tendency for 
smaller sized individuals to increase in % frequency later on in the study at Tivoli (Fig 1.9). Such 
a potentially confounding factor makes analysis of growth rates difficult and is probably due to 
further settlement onto cumulative plates despite no new settlement onto daily plates. Such a 
phenomenon is highly likely if settlement with conspecifics is preferred; settlers were numerous 
on cumulative plates during the latter part of the sampling period. Thus after day 12 of the study, 
when new settlement was apparent on cumulative plates but not daily plates, growth would have 
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been underestimated and survivorship overestimated at Tivoli. However, survivorship estimates 
for this period were often > 1 at Tivoli, so conclusions relating to little or no mortality later on in 
the study would have been little affected. Any conclusions regarding growth rates or differences 
in growth between Norrie and Tivoli, however, would be affected to a much greater degree. Thus 
analysis of growth was limited to the first 12 days of the study and showed that by day 12, 
animals at Norrie were larger than animals at Tivoli (p=0.001). Faster somatic growth at Norrie 
was probably due to greater food availability; chlorophyll levels were higher at Norrie than at 
Tivoli by an order of magnitude (Figs 1.12 & 1.13). Such differences in chlorophyll levels were 
probably a result of sheltered bay conditions at Norrie which enabled phytoplankton to 
accumulate compared to faster flow conditions in the main river channel (Tivoli). 
Summary 
Previously, post settlement mortality in zebra mussels was thought to be very high (~ 99%) 
and no consideration was given to whether mortality was constant or variable during this time. I 
have shown that early post settlement mortality can, indeed, be high but that the critical period lasts 
only a few days. Mortality after the first few days can be practically zero which, as far as I know, 
has never been shown before. However, questions remain as to whether this phenomenon happens 
in all zebra mussel populations or whether only early post settlement mortality in the Hudson River 
follows this pattern. It would be especially useful to use the same sampling methods to compare 
early post settlement mortality in Eastern European populations (where zebra mussels are native) 
with Hudson River populations (where zebra mussels are a very recent invader). Such a comparison 
may lead to important insights into the factors that could potentially control this nuisance species. 
In addition, the study highlights the importance of using fine temporal scale sampling when 
investigating the early post settlement period; using sampling regimes of one week, for example, 
would likely not have revealed the early critical period for settler survivorship. Even within the ~1 
day sampling regime, some animals must have settled, died and disappeared, particularly during 
the first day when mortality estimates were not possible; actual mortality was probably much 
higher than reported here. It would be interesting also to follow post settlement survivorship for a 
longer period, sampling at sufficiently small intervals to investigate whether settler survivorship 
changes over a longer time period and whether survivorship is affected by factors such as the 
proximity of adult conspecifics (which may affect their susceptibility to “crushing” by predators). 
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TABLES 
Table 1.1.  Survivorship of newly settled larvae as a function of day (S(day)) and age (S(age)) 
including the following parameters: c (mean cumulative settler density, # per 600cm2) and d 
(mean daily settler density, # per 600cm2). Predicted values for c are calculated using non-linear 
regression equations fitted to c: y=7.94ln(x)-3.7165 (Norrie) and y=4.5607x0.7043 (Tivoli). 
 
Day 
Norrie Tivoli 
c c (predicted) d S(day) S(age) c 
c 
(predicted) d S(day) S(age) 
1   13.00     10.33   
2 2.00 1.79 10.33 0.08 0.17 5.00 7.43 12.00 0.33 0.62 
3 5.67 5.01 2.67 1.31 2.54 17.67 9.89 9.00 0.12 0.58 
4 8.00 7.3 3.67 0.72 1.21 8.00 12.11 10.33 0.18 0.57 
5 5.67 9.07 5.33 0.51 0.93 23.00 14.17 3.00 0.92 2.73 
6 9.67 10.52 1.33 1.01 0.91 23.67 16.11 2.00 1.00 0.98 
7 13.00 11.75 0.67 1.05 1.11 15.33 17.96 1.00 1.05 0.79 
8 12.67 12.81 1.00 1.01 1.16 12.00 19.73 0.67 1.06 1.38 
9 19.33 13.74 0.33 1.05 1.07 32.33 21.43 1.00 1.04 1.06 
10 12.00 14.58 0.67 1.01 0.99 14.33 23.09 0.67 1.05 0.94 
11 14.33 15.34 1.33 0.96 1.03 15.00 24.69 0.67 1.04 1.25 
12 16.00 16.03 0.67 1.00 0.90 31.67 26.25 0.33 1.05 0.91 
13 14.67 16.67 0.33 1.02 1.05 41.00 27.77 0.33 1.05 1.04 
14 18.00 17.26 0.33 1.02 1.06 29.33 29.26 0.33 1.04 1.15 
15 18.67 17.80 0.00 1.03 1.08 31.50 30.72 0.00 1.05 1.01 
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FIGURES 
              
Figure 1.1.  PVC frames including 600 cm2 of artificial PVC substrate threaded onto two rods to 
capture daily settlement A and 14 x 600 cm2 of artificial PVC substrate to capture cumulative 
settlement B. Both rods were removed and replaced daily A. Two rods were removed each day 
over a 14 day period B. 
 
Figure 1.2.  Schematic of sampling design (one replicate) at one site over the first 4 days:  
denotes larvae that settled on dayi,  denotes survivors of larvae that settled on day 1,  
denotes survivors of larvae that settled on day 2,  denotes survivors of larvae that settled on 
day 3. Note that there is new settlement over the course of the sampling period; after day 1, 
individuals on cumulative plates are of mixed age. 
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Figure 1.3.  Mean settler density, daily (open circles) and cumulative (closed circles) at Norrie. 
Error bars indicate +/- SE. A non-linear regression is fitted to cumulative means: y=7.94lnx-
3.7165 (r2=0.84) 
 
 
Figure 1.4.  Mean settler density, daily (open circles) and cumulative (closed circles) at Tivoli. 
Error bars indicate +/- SE. A non-linear regression is fitted to cumulative means: y=4.5607x0.7043 
(r2=0.5) 
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Figure 1.5.  Daily settler density (# per 600cm2) at Norrie (closed circles) & Tivoli (open circles) 
as a running total over the sampling period. Error bars indicate +/- SE 
 
 
Figure 1.6.  Survivorship as a function of day A and as a function of settler age B at Norrie 
(closed circles) and Tivoli (open circles). 
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Figure 1.7.  Mean settler lengths at Norrie (closed circles) and Tivoli (open circles). Error bars 
indicate +/- SE. A non-linear regression is fitted to the means using a sigmoidal function: y = 
a/(1+exp(-(x-x0)/b)). R2 values are 0.98 (Norrie) and 0.86 (Tivoli). 
 
 
Figure 1.8.  Settler size frequency distributions as a percentage of total settlers on each day of 
the study at Norrie. Legend indicates length in µm 
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Figure 1.9.  Settler size frequency distributions as a percentage of total settlers on each day of 
the study at Tivoli. Legend indicates length in µm. 
 
 
Figure 1.10.  Temperature at Norrie and Tivoli over the two week study period 
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Figure 1.11.  Dissolved oxygen concentration (DO) at Norrie and Tivoli over the two week 
study period 
 
Figure 1.12.  Chlorophyll concentrations at Norrie over the two week study period 
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Figure 1.13.  Chlorophyll concentrations at Tivoli over the two week study period 
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CHAPTER 2 
THE IMPORTANCE OF VARYING DENSITY DEPENDENCE TO 
RECRUITMENT IN ZEBRA MUSSEL POPULATIONS 
Introduction 
Population regulation or the mechanism whereby a population 1) persists 2) is bounded 
between an upper and lower limit for a given period of time 3) displays return tendency (increase 
in size when small and decrease in size when large) is one of the principal concerns of ecology 
(Hanski et al. 1993, Cappuccino and Price 1995, Turchin 2001). Identifying critical stages in the 
regulation of populations is essential if we are to develop successful strategies for conserving 
endangered populations, managing and controlling invasive species and sustaining exploitation 
of commercially important populations (Minchinton & Scheibling 1991). It is generally accepted 
that for population regulation to occur, some part of an organism’s lifecycle must be subject to 
density dependent processes (Hassell 1986, Murdoch 1994, Turchin 1995). In aquatic systems, 
many species exhibit a complex lifecycle with a larval stage in the water column that 
subsequently settles on the benthos and metamorphoses into the adult form. Such populations are 
considered demographically “open”, as population abundance and persistence are not dependent 
on local fecundity and reproduction, but by arrival of larvae from elsewhere (Grantham et al. 
2003, Roughgarden et al. 1988). Consequently, elucidating the mechanisms responsible for 
regulation of such populations has been difficult and there is much debate about if and how 
density dependent processes act to regulate such demographically “open” populations (reviewed 
by Hixon et al. 2002). 
The dynamics of open populations are driven by both recruitment processes (events that 
occur to early life history stages) and post recruitment mortality, though the importance of such 
processes to population regulation is generally unknown (Caley et al. 1996, Chesson 1998, 
Hixon 1998). Menge (2000) proposed the recruit-adult hypothesis: at low recruitment levels, 
density-independent processes predominate and recruitment is an important determinant of adult 
abundance. In contrast at high recruitment levels, density-dependent post-recruitment processes 
predominate and recruitment variability has little impact on adult abundance (Connell 1985, 
Roughgarden et al. 1985, Roughgarden et al.1988, Menge 1991, Carroll 1996, Menge 2000). 
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More recent studies suggest the hypothesis is overly simplistic (e.g. Jenkins et al. 2008) and 
despite decades of research, we are still far from a thorough understanding of density 
dependence and regulation in “open” populations. The main reason is due to inherent difficulties 
involved with sampling all life history stages of such species. Thus the majority of studies are 
observational, requiring population sampling over several generations. Such observational 
studies risk confounding crucial population parameters such as settlement density with other 
factors, particularly temporal environmental heterogeneity, which affect survivorship. Moreover 
few studies track cohorts through different life stages for sufficiently long enough and at 
sufficiently short enough sampling intervals to really understand the drivers of population 
dynamics. The strongest evidence for detecting density dependence comes from experimental 
manipulations (Murdoch 1970). There are few such studies in aquatic systems; existing studies 
are concentrated on species with macroscopic early life history stages that are more readily 
manipulated such as barnacles (e.g. Jenkins et al. 2008) and demersal fish (e.g. Johnson 2006). 
Larval settlement is particularly difficult to study in the field as settlers of most species 
are microscopic. However, differential larval settlement is a major factor controlling recruitment 
to many benthic marine populations (e.g. Raimondi 1988, 1990, 1991, Young & Gotelli 1988, 
Stoner 1990). The term “settlement” represents the transition from planktonic larva to benthic 
juvenile (reviewed in Pawlik 1992) and is an active process at the local scale, although 
hydrodynamic processes can strongly influence settlement via passive transport and deposition 
of larvae, especially at large spatial scales (e.g. Eckman 1983, Gaines & Bertness 1992, Hyder et 
al.1998). Larvae can respond to a multitude of environmental factors, but arguably the dominant 
factor involved in settlement site selection by larvae appears to be the presence or absence of 
other organisms, particularly microbial films (reviewed by Hadfield 2011) and conspecifics (e.g. 
Toonen & Pawlik 2001, Dreanno et al.2007). Indeed, many larvae especially larvae of sessile 
benthic marine invertebrates, settle on or near conspecific adults (termed “gregarious 
settlement”) (reviewed by Burke 1986, Pawlik 1992). 
For sessile animals in particular, gregarious settlement ensures access to potential mates 
(Burke 1986, Metaxas et al.2002) and Allee effects (positive density dependence) attributed to 
reproductive success have been demonstrated in barnacle populations (Kent, Hawkins & 
Doncaster 2003). Other Allee effects can include lower per capita predation rates (Ray & Stoner 
1994, Dolmer & Stenalt 2010), increased foraging success (Clark & Mangel 1984, Buckley 
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1997), and facilitation (Bertness & Grosholz 1985, Bertness 1989). However, although there is 
often a positive relationship between settlement and adult conspecifics (Minchinton 1997, 
Hughes et al.2000, Johst et al.2002, Vermeij 2005), the effect of conspecific density on 
subsequent recruitment to the population is highly variable. Such variation is likely due to 
concomitant costs and benefits of gregarious settlement and their interactions. 
Costs of gregarious settlement can include cannibalism (e.g. Navarrette & Wieters 2000, 
Dolmer & Stenalt 2010) and increased intraspecific competition (e.g. Crisp 1979, Donahue 
2004). Studies have shown that increases in conspecific density can lead to an increase in per 
capita mortality rate for settlers (Miron et al.1999, Hixon & Webster 2002, Samhouri et al.2009). 
Potential causes of such density dependent mortality can include aggregating predators (Hixon & 
Carr 1997, Anderson 2001), competition for space / enemy free space (Roughgarden et al.1985, 
Carlon 2001, Samhouri et al.2009) or distance related disease transmission (Bruckner et al.1997, 
Lafferty et al.2004). Such trade-offs can lead to a negative relationship between adult density 
and recruitment (Vermeij 2005, Vermeij & Sandin 2008). However, the relative importance of 
adult conspecific density to recruitment success may be species and / or context specific. In 
populations of reef fish the effect of density of conspecifics on recruitment success of similar 
species can vary widely from no effect to strong effect (Steele 1998). 
Clearly there are costs as well as benefits when larvae settle with conspecifics, though the 
prevalence of gregarious settlement as a settling strategy in both terrestrial and marine systems 
(e.g. Minchinton 1997, Baltz & Clark 1999, Brown et al.2000,) suggests that benefits must 
generally outweigh costs (Pawlik 1992). Few attempts have been made to quantify both the costs 
and benefits of gregarious settlement to determine the circumstances under which gregarious 
settlement is the optimal strategy (for an exception see Donahue 2006). Potential trade-offs of 
conspecific attraction and how these interact with Allee effects and conspecific cueing to 
influence recruitment success and subsequent population dynamics is virtually unknown. As the 
density of adult conspecifics can greatly affect recruitment success and has the potential to 
regulate some populations (Moksnes 2004, Vermeij 2005, Vermeij & Sandin 2008) 
understanding the effect of adult density on recruitment is crucial for understanding population 
dynamics. 
I used an experimental approach to investigate 1) the effect of differential settlement on 
recruitment and 2) the effect of adult conspecific density on recruitment to invasive zebra mussel 
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populations in the Hudson River. The zebra mussel is an ideal study organism to investigate such 
questions; mussels occur in high densities thus manipulation of density will generate a wide 
range of densities suitable for detecting density dependence (see Osenberg et al. 2002). An 
estuarine environment provides a much more tractable system in which to conduct field 
experiments. Knowledge of any regulation mechanism or intrinsic population dynamic is 
particularly important because the zebra mussel is an extremely successful invasive species 
causing severe economic and ecological impacts (Karatayev, Burlakova & Padilla 1997, Strayer 
1999, Nalepa et al. 2001, Strayer, Hattala & Kahnle 2004). Density dependence has not been 
investigated directly in zebra mussels though it is often implied, for example as the mechanism 
by which a dominant cohort suppresses subsequent younger cohorts (Strayer & Malcolm 2006), 
the mechanism causing slower growth rate of zebra mussels in shallow areas of lakes (Naddafi et 
al. 2010) and the mechanism generating differential survivorship rates of larvae in the presence 
of adult conspecifics (Casagrandi et al. 2007). 
Zebra mussels commonly occur in dense aggregations (Mackie et al.1989) and display 
gregarious settlement behavior (Chase & Bailey 1996, Wainman et al.1996, Czarnoleski et 
al.2003). Though not investigated directly, previous research has suggested trade-offs between 
gregarious settlement and survival or growth, though the results are somewhat contradictory. 
Chase & Bailey (1996) investigated zebra mussel recruitment at different adult densities in Lake 
St. Clair and found a positive relationship between recruitment and adult density. Treatment 
levels were: high adult density (4583 +/- 419 ind.m-2), low adult density (167 +/- 30 ind. m-2) and 
zero adults. Though only Chase & Bailey (1996) have investigated the effect of adult density on 
recruitment (as far as I know), other researchers have investigated the effect of presence / 
absence of adults on recruitment. Mortl & Rothhaupt (2003) used concrete blocks with live adult 
conspecifics, shells of adult conspecifics or left blank to investigate the effects of adults on 
subsequent zebra mussel recruitment after one month in Lake Constance, Germany. Abundances 
of juvenile and newly settled adult zebra mussels were similar on blank blocks and live mussel 
blocks but significantly greater on shell only blocks. Mortl & Rothhaupt suggested that the 
difference between recruitment on blank blocks and shell only blocks may be due to increased 
surface area provided by the shells. However, lower recruitment on live mussel blocks compared 
to shell only blocks must indicate negative effects of adults on settlers / recruits. They proposed 
that lower recruitment on live mussel blocks was due to larva – adult interactions including 
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intraspecific predation (cannibalism) & intraspecific competition. Such a result contrasted to 
Chase & Bailey (1996) who found a positive relationship between adults and recruits. However, 
the highest density treatments in Chase & Bailey’s study were ~ 5000 individuals m-2 compared 
to > 8000 individuals m-2 used by Mortl & Rothhaupt. Thus there may be a threshold conspecific 
density where the costs of gregarious settlement outweigh the benefits leading to a negative 
relationship between adult density and recruitment at very high adult densities. Due to these 
contradictory results, more research is needed to quantify the effects of conspecific density on 
zebra mussel recruitment. Further research is particularly needed from populations in riverine 
habitats which have been relatively little studied compared to their counterparts in lake 
ecosystems. Riverine habitats offer a very different set of environmental conditions, both biotic 
and abiotic, compared to lakes and can provide important corridors for zebra mussel expansion 
throughout the USA. 
To investigate the effect of differential settlement on recruitment, I manipulated densities 
of just settled zebra mussels in situ to generate four density treatments and tracked cohorts for a 
year to determine a) whether recruitment processes were density dependent and b) whether any 
density dependence in the benthic phase changed over time. I was interested in a treatment 
effect, a time effect, a site effect (I carried out experiments at two sites) and whether the 
treatment effect differs over time. In addition, I investigated the effects of increasing body size 
on consumption and filtering rates of zebra mussels as I expected any intraspecific effects to 
increase over time as animals increased in size. 
To investigate the effect of adult conspecific density on recruitment, I manipulated adult 
densities on artificial substrate and quantified subsequent recruitment five months later at 
different adult densities. 
Methods, Data Handling, Analysis and Results 
Experiment to investigate effect of differential settlement on recruitment 
I conducted the study at two sites: Tivoli (river Kilometer 163) and Norrie (river 
Kilometer 134) which varied in substrate type; substrate at Tivoli is hard, principally bedrock, 
whereas substrate at Norrie is soft silt. There are large dense mats of the invasive aquatic 
macrophyte, Trapa natans, a few meters from the study site at Norrie. At Tivoli, there is a large 
bed of the native submerged aquatic macrophyte, Vallisneria americana, several meters from the 
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study site, although T. natans occurs here also. The two sites are representative of habitats 
available for zebra mussel settlement in the Hudson River. 
As zebra mussel settlers are microscopic, the only way to manipulate settlement density 
is to manipulate the substrate on which larvae settle. After zebra mussels settled on artificial 
substrate, I conducted manipulations to provide four different initial settlement densities (100% 
ambient density, 50% ambient density, 25% ambient density and 12.5% ambient density) to 
monitor the influence of settler density on subsequent settler-recruit relationships. Artificial 
substrate was 100 cm2 area of sheet PVC covered in Strap it® (similar to velcro®). Strap it® 
(hook side) substrate was cut into 100 cm2 pieces and fixed to PVC plates of slightly larger size 
using epoxy putty. Strap it® (loop side) was cut into 6.25 cm2 squares and fixed to hook side 
Strap it® (16 x 6.25 cm2 squares per plate) to enable pieces of the substrate to be easily 
removed after settlement had occurred. After zebra mussels had settled, I performed the 
manipulations by removing a specific number of the 16 x Strap it® squares per plate which 
corresponded to one of 4 different treatments: no removal of substrate (100% settler density), 
removal of 8 squares of substrate (50% settler density), removal of 12 squares of substrate (25% 
settler density) and removal of 14 squares of substrate (12.5% settler density). To make it easier 
to do manipulations underwater, I used black and white Strap it® (I used white strap it for the 
squares I would remove, so plates were designated to a treatment prior to deployment). All 
plates were positioned in a completely randomized design on PVC frames and a letter was 
engraved on the back of each plate to denote treatment ((A (100%), B (50%), C (25%), D 
(12.5%)). 32 plates of each treatment were positioned randomly, strung together using cable ties 
and then attached to a PVC frame (Fig 2.1). Once in the water, plates did not hang edge to edge, 
but swung around to hang in parallel thus eliminating any neighbor effects. Three frames were 
deployed at each site, several meters apart and at depths between 5-7 m (Norrie) and 8-10 m 
(Tivoli). 
Once settlement had occurred, white Strap it® squares were removed and replaced with 
black Strap it® squares using a diver and SCUBA (started week commencing August 27th 2007 
and continued for a two week period). As soon as all manipulations had been completed, one 
plate per treatment (4 plates in total per frame) was randomly selected and removed from each 
PVC frame using a diver and SCUBA, on a weekly basis when weather permitted. Plates were 
removed on 9 separate occasions between September and November 2007 and 8 occasions 
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between May and August 2008. On removal, each plate was placed separately in a Ziploc bag 
and either preserved in 70% ethanol or placed in the freezer until they could be processed. All 
zebra mussels on artificial Strap it® substrate were counted and measured in order to estimate 
recruitment at different initial settlement densities. 
On several occasions I was only able to remove one set of plates (4 plates, one of each 
treatment) due to inclement weather. As replication on these occasions was zero, I did not 
include such data in subsequent analyses. For 2007 I analyzed data from five sampling occasions 
and for 2008 I analyzed data from seven sampling occasions. In addition, I had to analyze 2007 
and 2008 data separately as two frames at one site had become entangled over winter and I could 
not discern which replicate was which. 
I explored each dataset (2007 and 2008) following the protocol described in Zuur et al. 
(2010). I looked for the presence of outliers, collinearity and visualized relationships between 
densities and the covariates. 
I investigated differences in recruit density over time by modeling recruit densities as a 
function of treatment, time, site and an interaction between treatment and time. Plates were 
destructively sampled, but because multiple plates were mounted on the same PVC frame, there 
is potential correlation between observations from the same frame. To take this dependency into 
account I applied a generalized linear mixed effects model (GLMM) with frame as random 
intercept. As the response variable is a count (recruit densities) a Poisson distribution was used. 
Initial Poisson GLMMs indicated overdispersion (due to a large range in mussel densities) and 
therefore an observation level random intercept was added (Zuur et al. 2012) to capture the 
overdispersion, resulting in the following Poisson GLMM: 
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Countsij is the recruit density for the jth observation in frame i, where i = 1, .., 5 (3 frames 
at NC and 2 frames at TC). The term ai is the random intercept for frame and is assumed to be 
normally distributed. The term εij is the observation level random intercept; it represents a latent 
43 
 
variable that captures excess variation that cannot be explained by the Poisson distribution or the 
covariates. 
Models were run in R (R Development Core Team, 2008) using the lme4 package (Bates 
et al. 2012). Once models were fitted, a model validation was applied and Pearson residuals were 
inspected for patterns. 
I investigated potential intraspecific effects by examining the effect of increasing body 
size on consumption and filtering rates of zebra mussels using the following formulae: 
Consumption rate (g.g-1.d-1) = aWb, where W = wet weight (g) of soft body tissue and a and b 
taken from Schneider (1992). Filtration rate (l.mussel-1.h-1) = aWb, where W = dry weight (g) of 
soft body tissue and a and b taken from Kryger & Riisgard (1988). To convert length (mm) to 
dry weight I used regression equations from Strayer (pers. Comm.). Dry weights are assumed to 
be 10-15% of wet weights (Strayer, pers. Comm.). I used 12.5 % wet weights. 
Poisson GLMMs (2007 and 2008 data were analyzed separately) indicate that 
interactions (treatment by time) were not significant (as determined by a likelihood ratio test). I 
refitted the models and dropped each non-significant term (in turn). For 2007 data, only the 
covariate Treatment was significant at the 5% level. The estimated parameters of the optimal 
model are given in Table 2.1. The estimated variances for the random intercept ai and εij are 
0.699 and 1.375, respectively. Figure 2.2 shows a visual presentation of the results. For 2008 
data, the covariates Treatment, Time and Site were significant at the 5% level. The estimated 
parameters of the optimal model are given in Table 2.3. The estimated variances for the random 
intercept ai and εij are 4.8731e-12 and 1.2382, respectively. Figure 2.3 shows a visual presentation 
of the results with data for the two sites plotted separately. 
A post-hoc test was applied to infer which treatment levels are different from each other 
(Tables 2.2 and 2.4). To correct for multiple testing a Bonferroni correction was applied. The 
threshold of 0.05/ 6 = 0.0083 was used due to the Bonferroni correction. Results indicate that for 
2007 data, treatment levels A and C, A and D, B and C, and B and D are significantly different 
from each other. For 2008 data, only treatment A is significantly different than treatment D. 
There was a 10 fold increase in both consumption rate and filtration rate between May to 
July 2008 (Tables 2.5 & 2.6). Zebra mussels almost double in length during these three months. 
Note there is little difference between size and consumption / filtration rates from November 
2007 to May 2008. 
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Experiment to investigate the effect of adult density on recruitment 
I conducted the experiment at Norrie point marina (river Kilometer 134), Hudson River, 
NY, a non-vegetated sheltered embayment with a fine silt bottom. In the winter months, 
November to April, all floating jetties are removed and only a few fixed platforms and wooden 
supports remain in the water year round. Thus the resident population of adult zebra mussels in 
the marina is small and confined to only a small portion of hard substrata, the fine silt bottom 
being unsuitable for zebra mussel colonization. Thus any effects of resident adults on the 
experiment would be minimal. 
To collect adults, I allowed zebra mussels to settle and grow on artificial substrate (15 x 
15 cm uniquely numbered PVC plates) for a year (June 15 2005 until June 16 2006). After a year 
in the field, I examined the PVC plates and selected 32 plates (out of 80) with the highest percent 
coverage by zebra mussels for the experiment. I recorded the unique I.D number of each 
experimental plate and assigned one of four treatments to each plate randomly. Treatments 
corresponded to four different adult densities (% coverage): 75 - 90% coverage (Fig 2.4A), 45 - 
60% coverage (Fig 2.4B), 15 - 30% coverage (Fig 2.4C) and 0% coverage. I estimated percent 
coverage of artificial substrate by zebra mussels using a 15 x 15 cm quadrat separated into 7.5 x 
7.5 cm quarters. Individual mussels were removed at random using a scalpel until the specified 
percent coverage had been achieved on each plate (Fig 2.4D). For plates designated 0% 
coverage, I scraped off all zebra mussels using a scalpel to ensure microbial films and other 
settled organisms remained on the plates as in the other 3 treatments. To minimize crushing and 
physical stress to zebra mussels, all 32 plates remained threaded onto aluminum rods (PVC 
spacers were used to separate plates) and submerged in river water either in a bucket or directly 
in the river whilst manipulations were undertaken. Once all manipulations had been completed, 
two plates per treatment x 4 treatments (8 plates in total) were threaded onto aluminum rods. 
Two plates of the same treatment were positioned next to each other and separated using a spacer 
of 3.75 cm. To minimize any effect of proximity of other treatments (high or low adult density), I 
separated treatments from each other using a spacer of 15 cm and positioned them along the rod 
in random order (Fig 2.4E). Four replicate rods were spaced several meters apart and returned to 
the water to allow natural settlement onto experimental plates (with adult conspecifics at 
different densities). Each rod was leashed to airline cable which was secured underwater using a 
cinder block on one end and attached to a wooden jetty support post at the other end. A rope 
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attached to the rod enabled the rod to be lowered from the jetty into the water and pulled up 
again at the end of the season. After 5 months in the water (June 16 to October 24), rods were 
pulled up and all plates were removed and placed in separate Ziploc bags in a freezer to await 
processing. On removal from a freezer, plates were allowed to defrost for a few hours before all 
animals were counted and measured in order to estimate recruitment at different initial adult 
densities. Lengths were measured using digital calipers and recorded as the longest distance 
between the umbo and the ventral margin (Chase & Bailey 1996). Recruit size frequency 
histograms were plotted. 
To monitor settlement I estimated weekly settler density over the experimental period 
(June to October) using artificial substrate. Each replicate sampling unit was 600cm2 area of 
artificial PVC substrate separated into 10 x 60 cm2 circular sub-unit plates. Plates were threaded 
onto 2 aluminum rods (5 plates per rod) and arranged in a 40 x 20 cm PVC frame so plates were 
vertically orientated to prevent accumulation of sediment (Fig 2.4F). Plates were conditioned in 
filtered river water to establish a biofilm prior to deployment. There were 3 replicate sampling 
frames at the site, several meters apart. Each frame was leashed to airline cable which was 
secured underwater using a cinder block on one end and attached to a wooden jetty support post 
at the other end. A rope attached to the frame enabled me to lower the frame from the shore into 
the water and pull it up again each week to remove and replace rods. I removed rods from the 
frame using bolt cutters and immediately placed them in jars containing 70% ethanol for 
transport to the laboratory for processing. A fresh set of rods was replaced weekly containing 
plates that had been conditioned for at least one week in filtered river water to permit the 
establishment of a biofilm. In the laboratory, newly settled zebra mussels were counted under a 
Nikon stereo dissecting scope which enabled me to estimate weekly settlement over the course of 
the season (June to October). Mean settler density per week was plotted to investigate timing of 
settlement events. 
I investigated differences in recruit density by modeling recruit densities as a function of 
treatment (adult density). As the response variable is a count (recruit densities) a Poisson 
distribution was used. An initial Poisson GLM indicated overdispersion (due to a large range in 
mussel densities) and therefore I fitted a GLM with negative binomial distribution and log link 
function on untransformed data. 
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The following specify the model: 
 
Yi ~ NB(µi, k) 
Var Yi = µi + µi2 /k 
E(Yi) = µi = e α+(β*Treatmenti) 
 
Yi is the recruit density for the ith observation and NB is a negative binomial distribution 
with mean µi and dispersion parameter k. 
 
The model was run in R (R Development Core Team 2010) using the MASS package 
(Venables & Ripley 2002). Once models were fitted a model validation was applied and Pearson 
residuals were inspected for patterns. 
A potential confounding factor of the experiment was ~ 100% mortality of adult zebra 
mussels at Norrie Point and other sites in the Hudson River (chapter 3) which occurred around 
the middle of August 2006 (the timing is denoted by an arrow in Fig 2.5). Thus the majority of 
larvae would have settled after the death of adult zebra mussels (Fig 2.5). Recruit size frequency 
histograms showed evidence of two settling cohorts, an early settling cohort comprised of 
animals ranging in size from ~ 6 to > 10mm and a later settling cohort of animals from < 2 to ~ 
6mm (Fig 2.6). Animals of the early settling cohort (length range ~6 to > 10mm) would have 
been more likely to encounter adults on experimental plates compared to animals of the later 
settling cohort. I separated animals into two groups, those < 6 mm (unlikely to have encountered 
adult conspecifics on plates when settling), and those 6 mm or greater (most likely to have 
encountered adult conspecifics on plates when settling) and analyzed each group separately. 
Considering the early settling cohort only, there was no difference in recruitment at 
different initial adult densities, although there was more recruitment when initial adult density 
was zero (p = 0.02) (Table 2.7 & Fig 2.7A). Considering the later settling cohort, there was no 
difference in the number of recruits at different initial adult densities or those settling on plates 
without adults (Table 2.8 & Fig 2.7B). 
Discussion 
Experiment to investigate the effect of differential settlement on recruitment 
The effect of differential settlement on recruitment differed depending on cohort age. 
During the early period up to ten weeks post-settlement (2007 data), I found no evidence of a 
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density dependent (negative) relationship between settlement and recruitment (Fig 2.2). There 
was a highly significant treatment effect, with higher settlement resulting in significantly higher 
recruitment (Tables 2.1 and 2.2) as expected under conditions of density independence. 
However, I found evidence of density dependent (negative) mortality later on in the benthic 
phase, almost a year after settlement. During this time (2008 data), recruit densities at high and 
low settlement levels start to converge (Fig 2.3) which suggests a density dependent (negative) 
relationship between settlement and recruitment eventually. Moreover, during this later period, 
only recruitment at the highest and lowest treatment densities are significantly different (Table 
2.4) compared with more differences between treatments in the early period (Table 2.2). This 
study showed that density dependent (negative) mortality acted only later on in the benthic 
phase, perhaps almost a year after settlement. 
Other findings indicate there was little or no mortality early on in the benthic phase (there 
was no significant time effect in 2007) and no difference in recruit densities between sites. 
However, recruit densities declined (Table 2.3 shows a significant time effect) and recruit 
densities were higher at Tivoli compared to Norrie (Table 2.3 shows a significant site effect) 
later in the benthic phase (2008 data). 
One caveat to note is that recruit densities appear to increase in number between May and 
June / early July 2008 on artificial substrates (Fig 2.3). An increase in numbers between May and 
June 2008 is likely an artifact of low sampling effort in May; I was only able to dive at one site 
(Norrie) where I collected just two replicate samples due to difficult diving conditions in the 
river. However, I cannot exclude the possibility of some immigration onto experimental plates 
during June / July. 
A gradual decline in recruit densities during the summer following settlement (2008 
data) has been seen in other studies (Carlsson et al. 2011, Strayer et al. 2011) and the reasons 
are as yet unclear (Strayer et al. 2011), although large predators, such as blue crabs 
(Callinectes sapidus) decimate the zebra mussel population in late Summer, early Fall 
(Carlsson et al. 2011). 
Differences in recruit densities between sites must be due to higher survivorship at one 
site (Tivoli) as there was no difference in recruitment between sites initially. In a separate study 
investigating early post settlement mortality (Chapter 1), I found higher survivorship of settlers 
at Tivoli also, which corroborates these findings. An investigation into the causes of increased 
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mortality at Norrie compared to upstream at Tivoli may prove highly insightful and aid our 
understanding of the factors driving recruitment success in zebra mussels. 
The effect of differential settlement on recruitment has rarely been studied over an 
extended period of time in “open” aquatic systems. Contrary to the results of this study, two 
studies have shown that density dependent post-recruitment mortality decreases in intensity with 
cohort age (Jenkins et al.2008, Schmitt and Holbrook 1999). Knowledge of the stage of the life 
cycle when density dependence acts is crucial to understand the mechanism generating density 
dependence (Sinclair & Pech 1996). Though understanding the mechanism generating any 
density dependence was not the aim of this study, knowledge of the stages when density 
dependence acts provides some clues as to the mechanisms responsible for generating density 
dependence in zebra mussel populations. 
Where studies have demonstrated a change in density dependent post-recruitment 
survivorship over time, competition for limiting resources has been identified as the mechanism 
generating density dependence. Jenkins et al. (2008) found the acorn barnacle Semibalanus 
balanoides occupied 80 – 90% of available space in intertidal zones around Anglesey, North 
Wales, soon after recruitment which was reduced to 50% six to nine months later after strong 
density dependent mortality reduced abundances. They suggested that overcrowding generated 
strong density dependent post-recruitment mortality during the early benthic phase which freed 
up space, so that for most of the 2 year study, post-recruitment mortality was density 
independent. In tropical damselfishes, Dascyllus flavicaudus and D. trimaculatus, interference 
competition for refuge space from predators led to strong density dependent post-settlement 
mortality but only in the very early benthic phase (first two weeks post settlement [Schmitt & 
Holbrook 1999]). 
In zebra mussel populations in the Hudson River, density dependence operates later in the 
benthic phase as a cohort approaches one year of age. Such a result suggests that density 
dependent post-recruitment mortality is dependent on age/size or some other factor that covaries 
with age/size. Both size-specific competition and predation (including disease and parasitism) 
can generate density dependence (reviewed by Hixon et al.2002), though predation can only 
generate density dependence if per capita mortality rate of prey increases as prey density 
increases. Predators can show a long term numerical response or short-term behavioral responses 
(e.g. functional or aggregative) in response to prey abundances (reviews by Murdoch and Oaten 
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1975, Taylor 1984, Sinclair and Pech 1996). In an exclosure experiment other researchers and I 
conducted in 2008, there was no difference in zebra mussel densities between controls (cages 
open to predators) and exclosures (cages closed to predators) during June and July (Carlsson et 
al.2011), although there was a steady decline in densities in both controls and exclosures over 
this period. In fact, there was no difference in densities between controls and exclosures until late 
August when blue crabs (Callinectes sapidus) arrived at our sites during their upstream 
migration. It seems unlikely, then, that predation is an effective mechanism generating density 
dependent survivorship of zebra mussels in July in the Hudson River. 
On the other hand, competition for limiting resources is density dependent by definition. 
In the Hudson River the most likely limiting resource for zebra mussels is food rather than space 
(Strayer and Malcom 2006). Indeed, soon after arrival in the Hudson River, zebra mussels 
reduced phytoplankton populations by 80 – 90% (Caraco et al.1997) and phytoplankton 
populations have remained consistently low (< 10 µg liter-1 chlorophyll) ever since (Pace et al. 
2010). In addition, the Hudson River is highly turbid with high suspended inorganic sediment 
loading (unpublished data) thus providing poor quality food for zebra mussels (Schneider et 
al.1998). As well as high inorganic sediment load leading to poor food quality, cyanobacteria, 
principally the potentially toxic Microcystis (a poor food source for zebra mussels [Vanderploeg 
et al. 2009]), can be highly abundant (> 50% of total phytoplankton biovolume) and is strongly 
correlated to water temperature (Fernald et al. 2007). As suggested by Strayer and Malcom 
(2006), it seems highly likely that zebra mussel populations in the Hudson River are food 
limited. Zebra mussel feeding / filtering rates are a function of length, thus rapid somatic growth 
in late spring / early summer (mean lengths more than doubled during three months from May to 
July[Tables 2.5 & 2.6]) resulted in a steep increase in filtering rates (10 fold increase [Tables 2.5 
& 2.6]). Such a steep increase in filtering rates would lead to a steep increase in demand for a 
limited resource which seems a plausible mechanism for size selective density dependent 
mortality as seen in the zebra mussel population in 2008. 
Density dependence and density independence (i.e. recruitment limitation) in the settler-
recruit relationship have been demonstrated in studies of marine systems; many concluding that 
mortality rates are density independent at low under saturated densities and density dependent at 
saturating densities (e.g. Connell 1985, Menge 1991, Caley et al. 1996, Carroll 1996). This study 
showed that during the early post settlement phase survivorship was likely density independent 
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and that settlement was initially a fairly good predictor of population size (Fig 2.2). However, as 
a cohort aged, settlement became less important in determining population size and by almost a 
year after settlement, there was no difference in densities of zebra mussels except between the 
highest and lowest settler densities (Table 2.4). Rarely have density dependence and density 
independence been demonstrated in the same study. By using manipulative field studies and 
tracking a cohort for a long enough time, I may have provided a more realistic assessment of 
density dependence than previous studies over shorter time spans which looked only for presence 
/ absence of density dependence. In addition, zebra mussel settlement was high in the Hudson 
River during the course of the study; high settlement allowed me to generate an effective range 
of settlement densities (Osenburg et al. 2002). 
In long term studies of zebra mussel populations in the Hudson River, Strayer and Malcom 
(2006) and Strayer et al. (2011) showed an inverse relationship between recruitment and adult 
population density over a 10 year period, with high recruitment when adult filtration rates were low 
and low recruitment when adult filtration rates were high. Strayer and Malcom (2006) suggest that 
a large dominant cohort suppresses subsequent cohorts via intercohort competition leading to larval 
food limitation. However recruitment was measured as the number of animals reaching age 1, thus 
density dependence could have acted on fecundities, larvae, or settler stages. In fact, density 
dependence during settlement and / or later on in the benthic phase, but before census took place, 
would generate this same pattern. In another study, I did not find any evidence of strong 
overcompensating density dependence in the larval phase (chapter 3). Older cohorts could indeed 
suppress younger cohorts as suggested by Strayer & Malcom (2006) but perhaps the mechanism is 
due to intercohort cannibalism (chapter 3) and / or intraspecific competition later in the benthic 
phase (this study). However I would expect environmental conditions, particularly food quantity 
and quality, to determine the strength of density dependence in the later benthic phase. 
Another factor to consider when assessing the potential importance of density dependent 
processes to population dynamics is the age / size structure of the population. Animals can live 
up to 3 - 5 years in the Hudson River (Strayer & Malcom 2006) and populations can show a wide 
range of age/size structures (Strayer & Malcom 2006, Strayer et al. 2011). However, other 
researchers and I have uncovered recent changes in the dynamics of the zebra mussel population 
in the Hudson River which have led to negligible survival between age 1 and age 2 (chapter 3, 
Strayer et al.2011). Predation in late summer / early Fall each year from 2005 to 2008, probably 
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mainly due to blue crabs (Carlsson et al.2011), has caused a size shift in the population; the 
population is now comprised of only a single year class of small sized individuals. In such 
populations, comprised mainly of young small sized individuals, intercohort cannibalism and 
density dependent post recruitment mortality should affect population dynamics to a much lesser 
degree. Recent population dynamics may be dominated by recruitment processes (fecundity, 
larval survivorship and settlement) and may be less regulated but rather limited by mass 
mortality of animals between age one and age two. However, if predation declines, and 
survivorship to age 2 and beyond increases, the importance of recruitment and post recruitment 
mortality to zebra mussel population dynamics in the Hudson River will change. 
The extent to which density independent or density dependent mortality is important will 
depend on the lifespan and age structure of the population. Density independent mortality is 
likely more important in determining size and growth rate of a population comprised of a single 
young (small) age class, whereas density dependent mortality is more important in determining 
size and growth rate of a population comprised of many age classes. This study reinforces the 
idea that a thorough understanding of population dynamics, the factors that generate them, and 
how they change over time can only be gleaned by using long term observational studies (for 
example the Cary Institute dataset) combined with short term experimental studies (this study 
and the predation study of Carlsson et al. 2011). In addition, the study adds another dimension 
i.e. the importance of lifespan and population age/size structure which has not been considered 
previously in the ongoing debate of the importance of recruitment versus post-recruitment 
mortality to population dynamics. 
Experiment to investigate the effect of adult density on recruitment 
Zebra mussel recruitment was higher when adults were absent compared to when adults 
were present (Fig 2.7A). There was thus an effect of adult conspecifics on subsequent zebra 
mussel recruitment but such an effect was due to presence / absence of adults rather than any 
effect of adult density on recruitment. The presence of conspecific adults negatively affected 
zebra mussel recruitment regardless of density. Such a result is in complete contrast to other 
researchers who found a positive relationship between recruitment and conspecific density 
(Chase & Bailey 1996) and indicates that the effect of conspecific density on zebra mussel 
recruitment success must be highly context dependent. 
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Such an effect could be due to increased settlement onto plates where adults were absent 
or to increased post settlement mortality on plates where adults were present. Though some zebra 
mussel larvae clearly settle when conspecific cues are absent (Fig 2.7A), zebra mussel larvae 
settle in greater numbers on substrates with either live mussels or mussel shells (Wainman et 
al.1996). It seems likely that, during this study, there would have been greater settlement on 
plates with adults. Thus increased post settlement mortality in the presence of conspecific adults 
appears the most likely explanation for a reduction in recruitment on plates with adult 
conspecifics. 
Such post settlement mortality could be due to a variety of factors including intraspecific 
competition, cannibalism, predation or indirect effects of predation (e.g. crushing). During 
observations of early life history dynamics in the Hudson River, I found zebra mussel settlement 
is likely strongly controlled by intercohort predation (chapter 3), although the strength of 
intercohort predation is affected by adult size as well as density. In this study, cannibalism is 
unlikely to have exerted strong control, as adults had been settled less than one year and most 
would not have been large enough to prey upon veliger sized microzooplankton. Intraspecific 
competition likely leads to decreased growth rather than mortality (Chase & Bailey 1996, Hebert 
et al.1991) but may lead to mortality at very high adult densities (Mortl & Rothhaupt 2003). As 
background adult densities in the marina were low and chlorophyll levels at the site were fairly 
high (Appendix Figure A.1), I do not consider intraspecific competition as the main driver of 
increased post settlement mortality in the presence of adults in this study. Thus, although I 
cannot exclude cannibalism and intraspecific competition as possible sources of post settlement 
mortality, there may be other more important drivers of mortality in this study. 
Predation, on the other hand, specifically indirect effects of predation (e.g. crushing) may 
be an important determinant of increased post settlement mortality in this study. Although it is 
unlikely that just settled zebra mussels suffer much direct predation (chapter 1), their small size 
would make them vulnerable to crushing by predators of adult conspecifics. There were no 
adults remaining on experimental plates at the end of the study which was a phenomenon 
observed in general in the river (chapter 3, Strayer et al.2011). Heavy mortality of adult zebra 
mussels in late summer has been observed recently over several years (Strayer et al.2011, 
Carlsson et al.2011, chapter 3) and is likely caused by intense predation by large predators, 
particularly blue crabs (Carlsson et al.2011). Other researchers and I found significantly higher 
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recruitment in cages where large predators had been excluded compared to controls open to large 
predators (Carlsson et al.2011). Such a result suggests that larvae that settle into areas colonized 
by adults suffer huge losses due to crushing by predators. Thus crushing by predators is likely 
the main driver of lower recruitment in the presence of adults found in this study. 
Zebra mussels likely display a variety of settlement preferences. Indeed, some zebra 
mussel larvae in this study did not settle in response to conspecific cues but rather settled in areas 
unoccupied by adults (Fig 2.7A). Such a phenomenon has been observed by other researchers; 
although settlement into areas without adult conspecifics is generally much lower (Wainman et 
al.1996). Larvae of the gregarious tubeworm, Hydroides dianthus, show two distinct settling 
behaviours: one “aggregator” type settles only in response to cues associated with conspecifics 
whereas the alternative “founder” type colonizes uninhabited substrata and will not settle if 
conspecifics are present (Toonen & Pawlik 1994, 2001). Such settlement preferences are highly 
heritable (Toonen & Pawlik 2001). Though little studied, such a bet-hedging settling strategy 
may be common in aquatic habitats which are highly variable in both space and time and / or 
close to carrying capacity. Indeed, larval settlement behavior is frequently variable (reviewed by 
Raimondi & Keough 1990) though the effects of any behavioral polymorphism at settlement on 
subsequent recruitment success or persistence are largely unknown (but see Gamfeldt et 
al.2005). Certainly such a behavioral polymorphism at settlement seems possible for zebra 
mussels and needs to be investigated further. Such a phenomenon could have huge implications 
for success of the species in highly variable aquatic environments. 
In the Hudson River, larvae that settle in response to conspecific adults may settle into 
poorer quality habitat (due to high probability of death due to crushing or cannibalism for 
example) than those that settle away from adults. In populations of porcelain crabs, Donahue 
(2006) found that both Allee effects and conspecific cueing must be present for gregarious 
settlement to be the optimal settling strategy i.e. benefits of gregarious settlement outweigh the 
costs. For zebra mussels in the Hudson River, due to recent intense predation pressure on adults 
leading to poor quality habitat for settlers, gregarious settlement may not be the optimal 
settlement strategy at present; the costs of settling with adults (e.g. crushing by predators, 
cannibalism) may now outweigh the benefits (e.g. increased reproductive success, facilitation). 
Consequently, if zebra mussels vary in their settlement preferences and such preferences are 
highly heritable (as in H. dianthus), then there could be adaptive microevolution away from 
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gregarious settlement; heavy mortality of gregariously settling larvae would select for larvae that 
settle away from adults. Accordingly, I predict cross-population differences in settlement 
strategies depending on environmental conditions and predation pressure. Such a hypothesis 
could be tested by comparing larval settlement preferences (the % of larvae that settle in the 
presence of adults with the % that settle in the absence of adults) from a variety of different 
populations under different predation pressures. If there is a directional shift in settlement away 
from adults i.e. more larvae settle in the absence of adults, in populations under heavy predation 
pressure, then the hypothesis would be supported. There is already evidence of adaptive 
microevolution of life history strategies from populations of European zebra mussels 
(Czarnoleski et al.2003, 2005). Such populations could be investigated for adaptive 
microevolution of settlement strategies. 
This study shows that the presence of adults can have a negative impact on recruitment 
and contrasts with a positive impact found by Chase & Bailey (1996), suggesting the effect of 
adult density on zebra mussel recruitment is highly context dependent. It provides further 
evidence for the importance of the early settler stage to zebra mussel population dynamics. 
Larval settlement behavior and the variability of such behavior, likely play a role in determining 
recruitment success. Another factor to consider is the timing of spawning events which would 
determine whether larvae could settle later in the season, after adult mass mortality. If not, 
recruitment may be mainly dependent on larvae that settle away from adults. Further research is 
needed to determine individual larval preferences and whether such preferences are heritable in 
order to fully understand zebra mussel recruitment dynamics. Furthermore, the zebra mussel is a 
highly successful invasive species inhabiting a range of habitats in diverse geographical regions 
and can be raised in a laboratory setting. Thus the species could be used as a model organism to 
investigate broader questions in ecology / evolution such as the costs & benefits of gregarious 
settlement, whether different settlement strategies are favored in different environments and the 
drivers of species resilience and adaptive microevolution. 
Summary 
In the early benthic phase zebra mussel settlement determined recruitment, with increases 
in settler density leading to increases in recruit density. I found no evidence of density 
dependence until about a year after zebra mussels had first settled. Recruitment at highest settler 
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densities remained higher than recruitment at lowest settler densities even after a year after 
settlement. It seems likely that intraspecific competition for limited food resources is the 
mechanism generating density dependence later in the benthic phase in zebra mussel populations 
in the Hudson River. 
I found a negative effect of adult conspecific density on recruitment with significantly 
higher recruitment when adults were absent compared to when adults were present. The main 
driver for lower recruitment in the presence of adults is likely crushing by large predators. As 
such a result contrasts with a previous study that showed a positive effect of adult conspecific 
density on recruitment, the effect of adult density on recruitment is likely highly context 
dependent in zebra mussel populations. 
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TABLES 
Table 2.1.  Estimated parameters of the optimal Poisson GLMM for recruitment at different 
settler “treatment” densities (A=100%, B=50%, C=25%, D=12.5%) during 2007. 
Fixed Effects Estimate Std. Error z value Pr(>|z|) 
(Intercept) 3.1613 0.4520 6.993 2.68e-12 
TreatmentB -0.9561 0.3673 -2.603 0.00924 
TreatmentC -2.0009 0.3798 -5.269 1.37e-07 
TreatmentD -2.6330 0.3979 -6.618 3.64e-11 
Table 2.2.  Results of multiple tests (with Bonferroni correction) to determine differences in 
recruitment between settler “treatment” densities (A=100%, B=50%, C=25%, D=12.5%) during 
2007. Numbers in bold indicate a significant difference. 
A B C D 
A 9.242e-03 1.372e-07 3.641e-11 
B 7.113e-03 3.577e-05 
C 1.292e-01 
Table 2.3.  Estimated parameters of the optimal Poisson GLMM for recruitment at different 
settler “treatment” densities (A=100%, B=50%, C=25%, D=12.5%) during 2008. 
Fixed effects: 
Estimate Std. Error z value Pr(>|z|) 
(Intercept) 5.59241 1.24978 4.475 7.65e-06 
TreatmentB -0.73796 0.30031 -2.457 0.013997 
TreatmentC -0.75416 0.31465 -2.397 0.016537 
TreatmentD -1.04740 0.30849 -3.395 0.000686 
time -0.06561 0.02777 -2.362 0.018156 
SiteTC 1.18093 0.22514 5.245 1.56e-07 
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Table 2.4.  Results of multiple tests (with Bonferroni correction) to determine differences in 
recruitment between settler “treatment” densities (A=100%, B=50%, C=25%, D=12.5%) during 
2008. Numbers in bold indicate a significant difference. 
A B C D 
A 0.013997 0.016537 0.000686 
B 0.958391 0.305620 
C 0.357447 
Table 2.5.  Zebra mussel consumption C with increasing size. Consumption equations from 
Schneider 1992, length to dry mass / wet weight conversions from Strayer (pers. Comm.) 
Date Mean length (mm) a ^b 
Dry mass 
(g) % 
Wet 
Weight (g) a ^b 
C 
(g.g-1.d-1) 
Nov 
2007 3.51 1.095 x 10
-5 2.6775 0.000315 12.5 0.002526 0.031 0.39 0.003008 
May 5 
2008 4.98 1.9096 x 10
-6 3.519 0.000542 12.5 0.0043409 0.031 0.39 0.003715 
July 24 
2008 10.38 1.9096 x 10
-6 3.519 0.007193 12.5 0.0575480 0.031 0.39 0.010180 
Table 2.6.  Zebra mussel filtration rate (f.r.) with increasing size. F.r. equations taken from 
Kryger 1988, length to dry mass conversions from Strayer (pers. Comm.) 
Date Mean Length (mm) a ^b 
Dry mass 
(g) a ^b 
f.r. 
(l.mussel-1.h-1) 
Nov 
2007 3.51 1.095 x 10
-5 2.6775 
0.000315 
6.82 0.88 0.0056665 
May 5 
2008 4.98 1.9096 x 10
-6 3.519 
0.000542 
6.82 0.88 0.0091230 
July 24 
2008 10.38 1.9096 x 10
-6 3.519 
0.007193 
6.82 0.88 0.0886936 
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Table 2.7.  Estimated parameters of the optimal GLM with negative binomial distribution for 
recruitment (animals ≥ 6 mm in length) at different adult “treatment” densities (% coverage): A 
= 75-90% coverage, B= 45-60% coverage, C= 15-30% coverage, D=0% coverage  
Estimate Std.err z value Pr(>|z|) 
(Intercept) 1.609e+00 3.835e-01 4.196 2.71e-05 *** 
TreatmentB -3.686e-17 5.424e-01 0.000 1.0000 
TreatmentC 1.719e-01 5.406e-01 0.318 0.7506 
TreatmentD 1.209e+00 5.343e-01 2.263 0.0236 * 
Table 2.8.  Estimated parameters of the optimal GLM with negative binomial distribution for 
recruitment (animals < 6 mm in length) at different adult “treatment” densities (% coverage): A 
= 75-90% coverage, B= 45-60% coverage, C= 15-30% coverage, D=0% coverage 
Estimate Std.err z value Pr(>|z|) 
(Intercept) 6.1506 0.1716 35.840 <2e-16 *** 
TreatmentB -0.1679 0.2429 -0.691 0.489 
TreatmentC -0.0874 0.2428 -0.360 0.719 
TreatmentD -0.1902 0.2429 -0.783 0.434 
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FIGURES 
Figure 2.1.  PVC frames with treatment plates attached. Inset picture shows artificial substrate 
plates divided into varying numbers of black and white “Strap It®” squares (16 squares per 
plate). The number of black squares denotes treatment density (all black = 100%, 8 black = 50%, 
4 black = 25% and 2 black = 12.5%). After settlement occurred, I manipulated settler numbers 
by removing white squares (containing zebra mussel settlers) and replacing them with clean 
black squares. Once frames and plates were in the water, plates did not hang edge to edge but 
swiveled around in parallel. 
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Figure 2.2.  Fitted values (thick point) and 95% confidence intervals (vertical lines) for recruit 
density per treatment. The raw data is presented as small points. A = 100%, B = 50%, C=25% 
and D = 12.5% settler density. 
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Figure 2.3.  Recruit densities (fitted values) plotted per treatment over time at two sites during 
2008. Black line = treatment A (100% settler density), red line = treatment B (50% settler 
density), green line = treatment C (25% settler density) and blue line = treatment D (12.5% 
settler density). Raw data is presented as black circles. 
Figure 2.4A  An experimental plate assigned to treatment: 75 - 90% coverage 
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Figure 2.4B. An experimental plate assigned to treatment: 45 - 60% coverage 
 
 
Figure 2.4C. An experimental plate assigned to treatment: 15 - 30% coverage 
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Figure 2.4D. Manipulation of zebra mussel density on experimental plate 
 
 
Figure 2.4E. Experimental plates (one replicate) being deployed at Norrie point marina, June 16 
2006 
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Figure 2.4F. PVC frame including 600 cm2 of artificial PVC substrate threaded onto two rods 
to capture weekly settlement. Both rods were removed and replaced weekly 
 
 
Figure 2.5.  Mean settler density (settlers per 600 cm2) during 2006 at Norrie Marina, Hudson 
River, NY. Arrow indicates timing of mass mortality of adult zebra mussels. 
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Figure 2.6.  Size frequency distribution of zebra mussel recruits on experimental plates (all 
treatments) at Norrie Marina removed October 24 2006. Cohort 1 indicates animals that settled 
early (when adult conspecifics were likely alive) and cohort 2 indicates animals that settled later 
(when adult conspecifics were likely dead). 
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Figure 2.7.  Mean recruit density at different adult densities (% coverage) at Norrie Marina on 
October 24 2006, A includes animals of length 6 mm or greater (early settling cohort), 
B includes animals of length < 6mm (later settling cohort). 
A 
B 
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CHAPTER 3 
EARLY LIFE HISTORY DYNAMICS OF ZEBRA MUSSELS 
IN A FRESHWATER ESTUARY 
Introduction 
To understand and predict population dynamics of demographically “open” aquatic 
species, a thorough understanding of all stages of the lifecycle is needed (Tuljapurkar & Caswell 
1997, Shima 1999, Armsworth 2002). Though adult stages of the aggressive invader the zebra 
mussel, Dreissena polymorpha, have been extensively studied, especially those in lacustrine 
systems ((for example Stańczykowska & Lewandowski (1993), Karatayev et al.1997, references 
in Molloy et al.1997, Czarnoleski et al.2003, Karatayev et al.2003, Strayer et al.2011 (for a lotic 
system)), relatively little attention has been paid to early life history stages. The success of the 
zebra mussel as an invasive species has been attributed largely to a life history strategy which 
includes a planktonic larval stage (Karatayev et al.2002), thus understanding the early life 
history period is essential for developing management and control strategies (Stoeckel et 
al.2004). Zebra mussel populations can display a wide range of long-term dynamics including 
“boom-bust” dynamics (Walz 1974), periodic cycling (Stańczykowska 1977, Burla & Ribi 1998, 
Strayer et al.1996, Strayer & Malcom 2006), stability (Stańczykowska 1977) or large irregular 
fluctuations in density (Stańczykowska 1977, Lewandowski 2001). Mechanisms driving such 
diverse dynamics are largely unknown, although there have been recent modeling efforts to try to 
understand processes driving such patterns (Strayer & Malcom 2006, Casagrandi et al.2007). 
Simulation models have suggested that larval food limitation via intercohort competition could 
be an important driver of population dynamics under certain conditions (Strayer and Malcom 
2006). On the other hand, Casagrandi et al. (2007) developed a simple, age structured population 
dynamic model, incorporating density dependent cannibalism of larvae. They showed that the 
model was capable of predicting a range of population behaviors exhibited by real zebra mussel 
populations. However, in both cases, the authors have made assumptions (e.g. larval food 
limitation / density dependent cannibalism) that have not been rigorously tested in the field. 
Indeed, lack of empirical evidence, especially regarding early life history stages makes it 
impossible to validate these models. 
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A problem with current empirical data is that studies of early life history stages have been 
generally short term, limited to one life history stage and / or limited to the laboratory. There is 
little basic information on larvae, settler and recruit densities over time for the same population 
(exceptions include Lewandowski 1982, Evans et al. 2011). In addition, few studies have 
investigated relationships between life stages (exceptions include Martel et al.1994, Chase & 
Bailey 1996, Strayer & Malcom 2006) knowledge of which is crucial to model and predict 
population dynamics. 
The relationship between adults and recruits (defined as those animals that had settled and 
survived over a period of 182 days) was investigated in Lake St. Clair (Chase & Bailey 1996). 
Chase & Bailey deployed artificial plates with attached adult zebra mussels at two different 
densities (low: 167 ±30 individuals/m2 and high: 4583 ±419 individuals/m2) and plates without 
adults. After a period of 182 days, the authors found a positive relationship between recruitment 
and adult density at three treatment densities (high, low and zero adults). However, within the 
high and low treatments, there was a positive linear relationship between recruitment and adult 
density at low adult density, and a negative linear relationship between recruitment and adult 
density at high adult densities. Thus recruitment may decline at highest adult densities. Both 
regressions were non-significant however making it difficult to make any strong conclusions 
about lowered recruitment at high adult density. In addition, the study was conducted over a small 
temporal (one reproductive season) and spatial scale (5m x 2m), thus generalizing such findings to 
larger scales (spatial and temporal) and habitats would be inappropriate. In the Hudson River 
estuary, Strayer & Malcolm (2006) found an inverse relationship between one year old recruits 
and adults providing further support that recruitment may be strongly affected by the density of 
adults. In contrast to Chase & Bailey (1996), Strayer & Malcom sampled at multiple sites (in the 
main river channel) covering a sixty two kilometer stretch of the mid-Hudson estuary (large 
spatial scale) over a period of ten years (large temporal scale) allowing their findings to be more 
readily generalized, at least to similar estuarine systems. However, in both these studies, it is not 
clear at what stage in the life cycle that any density dependence operates, as the influence of 
adults on only one life stage was considered. For example an inverse relationship between one 
year old recruits and adults could be due to processes affecting larvae, settling larvae or benthic 
juveniles. Knowledge of the stage on which density dependence operates is crucial for developing 
control strategies and predicting future population dynamics. 
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In another study, Martel et al. (1994) investigated the relationship between larval supply 
and settlement during a brief period in summer (17 days) in Lake Erie. Using sampling intervals 
of one day, Martel et al. found that settlement was highly correlated to the abundance of late 
stage (competent) veligers. The researchers suggested that larval supply may be inferred from 
settlement, which is easier to estimate in the field. However, Martel et al. used pan scourers 
suspended in the water at 40 cm intervals, the lowest being 50 cm above the bottom. Thus 
settlement would not have taken into account any effects of cannibalism at the benthic – pelagic 
interface (MacIsaac et al. 1991). 
Even though information on the early life history period is scarce, current data suggests 
that processes occurring to early life stages may be important in determining population 
dynamics. However, much more information is needed, including basic information on early life 
history dynamics, before we can truly understand and predict population dynamics. In addition, 
most studies of early life history dynamics in the field have occurred in lakes, with the exception 
of larval development in a river (Schneider et al. 2003). Riverine habitats offer a very different 
set of environmental conditions, both biotic and abiotic, compared to lakes and can provide 
important corridors for zebra mussel expansion throughout the USA. Thus knowledge of early 
life stage dynamics in riverine systems is crucial for the development of effective barriers to stop 
the spread of zebra mussels. 
In contrast to the previous chapters that aimed to answer specific process – focused 
questions, my aim in this study is to investigate broad patterns of early life history dynamics at the 
site and river scale in order to provide some insight into processes affecting population dynamics. 
In the Hudson River, adult densities have been monitored several times a year since the arrival of 
the zebra mussel in 1991 (Strayer et al. 1996, Strayer & Malcom 2006, Strayer et al. 2011). The 
population has shown short-term cycling which has been attributed to suppression of young life 
stages by a large dominant cohort (Strayer & Malcom 2006, Strayer et al.2011). However, there is 
no information on early life stage dynamics in this system or indeed, other estuarine systems with 
which to test this hypothesis. Previous research on early life history stages is generally limited to 
small scale (spatial or temporal), one habitat type and / or only a single stage; I explored early life 
history dynamics across multiple sites and years and examined multiple life stages simultaneously. 
I estimated larval supply and settlement over the reproductive season (May to October) 
for five years (2002 to 2006) in order to uncover any temporal changes in important events (for 
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example spawning / settlement peaks). In addition I estimated recruitment and survival of post 
recruits and combined data on early life history dynamics with adult dynamics. Data on adult 
density / size was kindly provided by Dr. David L. Strayer, Cary Institute of Ecosystem Studies, 
Millbrook, NY. 
I investigated early life stage dynamics at multiple channel and bay sites over a period of 
two to five years. Such a strategy allowed me to compare dynamics within habitat, across 
habitats and across years, to help identify processes affecting population dynamics, and whether 
they operate at the local, habitat or river-wide scale. Specific aims of the study were: 
 
1 To provide basic information on early life stage dynamics: larval supply, settlement 
and recruitment dynamics over time in an estuarine system 
2 To compare early life stage dynamics within and between channel and bay habitats. 
Though the majority of adults occupy areas in the main river channel, bay habitats 
could be important for retention of larvae near spawning sites (Carr et al. 2004) and 
likely increases in food quantity and quality (phytoplankton populations are likely 
higher due to lower flow conditions). 
3 To provide some insight into relationships between life stages. I confined such studies 
to life stage dynamics at channel sites only in order to reduce confounding factors 
such as environmental heterogeneity. 
 
As I was looking for broad scale patterns covering the whole of the reproductive period at 
different sites over several years, my sampling scheme was confined to weekly estimates of 
larval supply and settlement due to constraints on sampling effort. Thus estimates of larval 
supply and settlement would have missed events occurring at time intervals less than one week 
(for example early post settlement mortality, but see chapter 1). 
Methods 
I estimated larval supply, settlement, recruitment and post recruitment survival over a 
period of three years (2004 – 2006). To capture some of the natural spatial variation in 
population dynamics, I sampled at two sites situated in the main river channel: Tivoli (river 
Kilometer 163) and Norrie (river Kilometer 134). The two sites vary in substrate type; substrate 
at Tivoli is hard, principally bedrock, whereas substrate at Norrie is soft silt. There are large 
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dense mats of the emergent invasive aquatic macrophyte waterchestnut (Trapa natans), a few 
meters from the study site at Norrie. At Tivoli, there is a large bed of the native submerged 
aquatic macrophyte water celery (Vallisneria americana), several meters from the study site, 
although T. natans occurs here also. The two sites are representative of habitats available for 
zebra mussel settlement in the Hudson River. 
In addition to Norrie and Tivoli channel sites, I collected data on settlement and 
recruitment at two bay sites, adjacent to their respective channel sites: Norrie Bay (a popular 
marina with soft silt bottom and little aquatic vegetation) and Tivoli Bay (freshwater tidal marsh 
with emergent marsh vegetation dominated by the cattail Typha angustifolia and a soft, silt/clay 
bottom type). Apart from wooden supports that support floating and fixed jetties, there is no 
barrier to water exchange between Norrie Bay and the main channel. However, at Tivoli bay, a 
railroad causeway provides a barrier between the bay and the main channel; exchange between 
the bay and the main channel is limited to two culverts beneath railroad bridges (23.5 and 15 m 
width). Both culverts are in the lee of islands and shallow benthic areas dominated by submerged 
aquatic vegetation including broadleaved spatterdock (Nuphar advena), wild celery (Vallisneria 
americana) and some water chestnut (Trapa natans). 
Additionally, I used data including larval supply, settlement and recruitment that I had 
collected previously during 2002 and 2003 in a separate study (collection methods were exactly 
the same) and recruitment data for Norrie bay site during 2004 (used in a separate study also). 
Study sites during 2002 were Tivoli Channel and Bay and Norrie Channel and Bay (same 
locations as in 2004 – 2006). During 2003, study sites were Vanderburgh Channel and Bay (river 
kilometer 140 - similar in substrate and vegetation type to Tivoli Channel and Bay, except that 
dense mats of the invasive water chestnut, Trapa natans dominated Vanderburgh Bay in 
summer) and Hyde Park Channel and Bay (river kilometer 133 - similar in substrate type to 
Norrie Channel and Bay). 
The following methods were used to estimate larval supply, settlement, recruitment and 
post recruitment survival: 
Larval supply 
I estimated zebra mussel larval abundance in the water column following the methods 
established by Schneider et al. 2003. Sampling was conducted weekly from mid May until 
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October. I took three replicate plankton samples by pumping 30 L water through a 45 μ nitex 
mesh using a diaphragm hose. As the water column is constantly moving, each sampling unit (30 
l of water) can be considered an independent random replicate. The hose was lowered and raised 
at a constant rate such that it moved vertically through the water column. Plankton were 
concentrated in the filter and then rinsed into a sample jar and preserved in 70% ethanol for 
subsequent processing the laboratory. Larvae were counted under a Nikon stereo dissecting 
microscope using cross polarized light which allowed me to enumerate all larvae that had 
secreted a shell. The first 100 larvae in each of two replicates only were measured along the 
maximum linear dimension using a computer assisted digital imaging system (SigmaScan pro 5). 
Settlement 
I estimated weekly settlement over a season (June to October) using artificial substrate. 
Each replicate sampling unit was 600cm2 area of artificial PVC substrate separated into 10 x 60 
cm2 circular sub-unit plates. Plates were threaded onto 2 aluminum rods (5 plates per rod) and 
arranged in a 40 x 20 cm PVC frame so plates were vertically orientated to prevent accumulation 
of sediment (Fig 3.1A). Plates were conditioned in filtered river water to establish a biofilm prior 
to deployment. There were 3 replicate sampling frames at each site, several meters apart. Each 
frame was leashed to airline cable which was secured underwater using a cinder block on one end 
and attached to the shore or a wooden jetty support post at the other end. A rope attached to the 
frame enabled me to lower the frame from the shore into the water and pull it up again each week 
to remove and replace rods. I removed rods from the frame using bolt cutters and immediately 
placed them in jars containing 70% ethanol for transport to the laboratory for processing. A fresh 
set of rods was replaced each week containing plates that had been conditioned for at least one 
week in filtered river water to permit the establishment of a biofilm. In the laboratory, newly 
settled zebra mussels were counted under a Nikon stereo dissecting scope which enabled me to 
estimate weekly settlement over the course of the season (June to October). 
Recruitment 
Recruitment was estimated using artificial substrates. Each sampling unit was a 0.225m2 
area of PVC substrate, separated into five square 0.045 m2 subunit plates. There were three 
replicate sampling units, several meters apart at each site. Subunit plates were threaded onto 
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aluminum rods and arranged in a PVC frame, so plates were vertically orientated to prevent 
accumulation of sediment (Fig 3.1B). Each frame was leashed to airline cable which was secured 
underwater using a cinder block on one end and attached to the shore / wooden jetty support post 
at the other end. A rope attached to the frame enabled it to be lowered from the shore / jetty into 
the water and pulled up again at the end of the season. After 5 months in the water (June to 
October), frames were hauled up and all plates were removed, photographed and placed in 
separate Ziploc bags in a freezer to await processing. On removal from a freezer, plates were 
allowed to defrost for a few hours before all animals were counted and measured. Lengths were 
measured using digital calipers and recorded as the longest distance between the umbo and the 
ventral margin (Chase & Bailey 1996). 
Recruit survival 
Once individuals became visible (recruits), populations were monitored in situ, using 
SCUBA and underwater photography to estimate recruit / adult abundance. Each sampling unit 
was 0.1125 m2 area of artificial PVC substrate separated into 15 x 15 cm PVC plates (Fig 3.2). 
Plates were secured underwater, at least 0.6 m below the lowest low tide (to avoid ice scour in 
winter) and attached either to wooden jetty supports or rocks using marine epoxy putty (Z-spar ® 
Splash Zone epoxy putty, Carboline Co., St. Louis, MO) in June 2004. There were three replicate 
sampling units, several meters apart at each site. Once individuals became visible on plates (I 
commenced sampling in July 2005), I photographed each plate weekly, in situ, using SCUBA 
and an underwater digital camera, weather permitting. I took photographs during slack water on 
a low tide when underwater visibility was optimal. Photographs were analyzed using a computer 
assisted digital imaging system (SigmaScan pro 5) and I counted all animals that were visible on 
each plate. 
Environmental conditions 
In order to interpret any site to site or year to year differences in population dynamics, I 
measured environmental variables important for zebra mussel growth including temperature, 
depth, specific conductivity (Sp Cond), dissolved oxygen concentration (DO) and chlorophyll a 
concentration. 6-Series Multiparameter Sondes (YSI Incorporated, Yellow Springs, Ohio) were 
deployed at most sites to measure environmental variables: temperature, depth, Sp Cond, DO and 
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chlorophyll a concentration. Instruments were set to log data every 30 minutes over the course of 
sampling periods. As I did not have a chlorophyll probe for each site (years 2004 – 2006), I took 
weekly grab samples (three replicates) at each site for chlorophyll and seston analysis. On return 
to the laboratory from the field, I filtered the samples for seston (TSS) and chlorophyll A 
(CHLA). Filters for CHLA analysis were placed in borosilicate vials and stored in a freezer for 
batch analysis. Extraction solvent was not added until 24 h prior to fluorometry. 
Chlorophyll a (CHLA) and phaeophytin (PHEA) analysis: I followed the methods 
established by Holm-Hansen & Riemann (1978) and Wetzel & Likens (1991). CHLA and PHEA 
were measured fluormetrically. I determined a relationship between CHLA and fluorescence (F) 
using standards with known CHLA concentrations in 90% acetone. The standards were then 
acidified with 0.1 N HCL to determine the fluorescence ratio (t) of CHLA and PHEA for pure 
chlorophyll. Sample filters were extracted using basic methanol (5 ml) and the fluorescence was 
recorded (Rb). The samples were then acidified with 0.1 N HCL and the fluorescence was 
recorded (Ra). The following equations were used to determine CHLA and PHEA concentrations 
in samples: 
 
CHLA (ug/L) = F*(t/t-1)*(Rb-Ra)*(v/V) 
PHEA (ug/L) = F*(t/t-1)*(tRa-Rb)*(v/V) 
 
where v is the volume used for extraction (ml) and V is the volume filtered (ml). 
 
Data handling and analysis 
Larval supply 
I plotted mean larval density at channel sites over time (weekly) to determine the 
frequency and timing of peaks in larval abundance and thus the frequency and timing of 
spawning events. A spawning event would precede a peak in larval abundance. 
Weekly larval densities over the season were pooled and averaged to give a mean weekly 
larval density over the reproductive season. Mean weekly larval densities were used for 
comparisons between sites and years. To determine differences in larval densities between years 
at channel sites I fitted a general linear model with negative binomial distribution and log link 
function to data from each channel separately. 
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The following specify the models: 
 
Yi ~ NB(µi, k) 
Var Yi = µi + µi2 /k 
E(Yi) = µi = e α+(β*Yeari) 
 
Models were run in R (R Development Core Team, 2010) using the MASS package 
(Venables & Ripley 2002). Goodness of fit was investigated using model validation plots 
including plots of pearson & deviance residuals. 
To determine differences in larval densities between four sites (2 channels and 2 bays) in 
2002 and 2003, I fitted a general linear model with negative binomial distribution and log link 
function to data from each year separately. The following specify the models: 
 
Yi ~ NB(µi, k) 
Var Yi = µi + µi2 /k 
E(Yi) = µi = e α+(β*Sitei) 
 
Models were run in R using the MASS package (Venables & Ripley 2002). Goodness of 
fit was investigated using model validation plots including plots of pearson & deviance residuals. 
I calculated the proportion of larvae in three distinct size classes as a very coarse estimate 
of survivorship to competency. Since I could not distinguish between all planktonic larval stages, 
I separated larvae into three groups following the classification strategy used by Wilhelm & 
Adrian (2007): small larvae included exclusively D-veliger larvae from lengths 70 to 110 µ, 
medium larvae included D-veliger and veliconcha larvae from 120 to 160 µ and large larvae 
included veliconcha and pediveliger larvae from 170 to 330 µ. I pooled all data from weekly 
samples for each year and each site to obtain a size distribution of larvae and calculated the 
proportion of larvae in each size class. 
Settlement 
I did not include data from 2005 for Tivoli sites as data had been compromised due to 
vandalism over a sustained period. Weekly settler densities over the season at each site were 
pooled and averaged to give mean weekly settler densities over the reproductive season. Mean 
weekly settler densities were used for comparisons between sites and years. To investigate 
differences in settler densities between sites (channel and bay sites) in 2003, 2004 and 2006, I 
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fitted a general linear model with negative binomial distribution and log link function to data 
from each year separately. The following specify the models: 
 
Yi ~ NB(µi, k) 
Var Yi = µi + µi2 /k 
E(Yi) = µi = e α+(β1*Sitei) 
 
Models were run in R using the MASS package (Venables & Ripley 2002). Goodness of 
fit was investigated using model validation plots including plots of pearson & deviance residuals. 
To determine differences in settler densities between years at Norrie channel and bay 
sites, I fitted a general linear model with negative binomial distribution and log link function to 
data from each site separately. The following specify the models: 
 
Yi ~ NB(µi, k) 
Var Yi = µi + µi2 /k 
E(Yi) = µi = e α+(β*Yeari) 
 
Models were run in R using the MASS package (Venables & Ripley 2002). Goodness of 
fit was investigated using model validation plots including plots of pearson & deviance residuals. 
To investigate frequency and timing of peaks in settlement, I calculated the proportion of 
total settlement occurring per two week periods over the reproductive season. 
Recruitment 
I used only “destructively” sampled data to analyze recruitment (plates pulled out at the 
end of the season) as recruit densities estimated from underwater photographs were highly 
underestimated due to tendency of mussels to settle on top or under each other. In addition, I did 
not include data from 2005 for Tivoli sites as data had been compromised due to vandalism over 
a sustained period. To investigate differences in recruit density between sites (channel and bay 
sites) in 2002, 2003 and 2006, I fitted a general linear model with negative binomial distribution 
and log link function to data from each year separately. The following specify the models: 
 
Yi ~ NB(µi, k) 
Var Yi = µi + µi2 /k 
E(Yi) = µi = e α+(β1*Sitei) 
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Models were run in R using the MASS package (Venables & Ripley 2002). Goodness of 
fit was investigated using model validation plots including plots of pearson & deviance residuals. 
I calculated mean recruit length per plate (n ~ 30 plates per site) to investigate differences 
in size between sites. As variances between sites were heterogeneous in years 2002 and 2003, I 
used generalized least squares (GLS) to model the variance for each site separately (I analyzed 
each year separately):  
 
sizei = α + β* Sitei + εi , where εi ~ N(0, σ2i) 
 
Models were run in R using the nlme package (Pinheiro et al.2010). Model fit was 
investigated using plots of standardized residuals. 
For 2006, variances were homogeneous and a simple linear regression was the best fit 
(model with the lowest AIC):  
 
sizei = α + β* Sitei + εi , where εi ~ N(0, σ2) 
 
Size frequency histograms were plotted to investigate differences in size frequency 
distributions between years. 
Welch-Satterthwaite two-sample t-tests were used to compare recruit sizes at each site 
between years 2002 and 2006. I used all size data rather than mean sizes per plate. Sample sizes 
were unequal but very large and variances were similar. 
Recruit survival 
Recruit densities estimated from underwater photographs were underestimated due to the 
tendency of mussels to settle on top or under each other. In addition, mussels could not be sized 
accurately due to their orientation and tendency to overgrow each other. Thus recruit densities 
estimated by underwater photographs were plotted and used to illustrate timing and intensity of 
mortality only. 
Relationships between life stages 
I used regression analysis (where appropriate) to investigate relationships between life 
stages after checking appropriate assumptions. I used mean abundances of early life stages and 
aggregate filtration rates of the river-wide adult zebra mussel population in the regressions. 
Aggregate filtration rates are calculated using adult size as well as abundance, thus using 
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filtration rates instead of abundances would provide a better estimation of the effect of adults on 
younger life stages. Aggregate filtration rates of the river-wide adult zebra mussel population 
were taken from Strayer et al. 2011. Full details of methods and calculations are given in Strayer 
et al. 2011 and references therein. 
Comparisons within and between sites / habitats (channels & bays) 
To compare densities of each life stage within and between sites and habitats, I plotted 
the coefficient of variation (standard deviation / mean) of each life stage between channel sites 
and between paired channel and bay sites. A low coefficient of variation would indicate low 
variation between sites / habitats, suggesting dominant processes affecting the life stage would 
likely operate at the river-wide scale (or at least the portion of the river where I sampled). A high 
coefficient of variation would indicate high variation between sites / habitats, suggesting 
dominant processes affecting the life stage would likely operate at the local scale. 
Results 
Larval supply 
Larval density tended to decrease over time. At Norrie Channel, mean weekly larval density 
declined steadily over the study period, with highest abundance in 2002 and lowest in 2006 (Table 
3.1, Fig 3.5A). Larval densities at Tivoli Channel showed a different pattern, with highest mean 
weekly density in 2005, although lowest densities occurred in 2006 also (Table 3.1, Fig 3.5A). 
There was no significant difference between densities in 2002 and 2004 (Table 3.1, Fig 3.5A). 
In 2002, larval densities were higher at channel sites than bay sites (Table 3.2, Fig 
3.14A). Comparing bay sites, larval densities were higher at Tivoli Bay than Norrie Bay (Table 
3.2, Fig 3.14A). In 2003, larval densities at Vanderburgh Channel and Bay were higher than 
densities at Hyde Park Channel (Table 3.2, Fig 3.14B). Hyde Park Bay had significantly fewer 
larvae than Hyde Park Channel site (Table 3.2, Fig 3.14B). 
The number of spawning events per year, indicated by a peak / peaks in larval density, 
varied between one to four (Fig 3.3); the highest number of spawning events occurred in 2003 
(four) and the lowest number of spawning events occurred in 2006 (one). In 2002, 2004 and 
2005, there were two, approximately three and approximately one spawning events / event 
respectively. 
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In 2002 there was a greater proportion of larvae over 170µ (competent to settle) at Norrie 
Channel (and Bay) compared to Tivoli Channel (and Bay), in 2005 there was a greater 
proportion of larvae over 170µ at Tivoli Channel compared to Norrie Channel (Fig 3.4A & B). 
Settlement 
In contrast to larval densities which tended to decrease over time, settler densities 
increased over time (Fig 3.5B). Settlement at Norrie Channel was significantly lower in 2004 
compared with 2005 whereas settlement was significantly higher in 2006 compared with 2005 
(Table 3.4, Fig 3.5B). At Norrie Bay, settlement in 2003 and 2004 was significantly lower than 
settlement in 2005 (Table 3.4, Fig 3.5B). There was no difference in settler density between 2005 
and 2006 at Norrie Bay (Table 3.4, Fig 3.5B). 
There was more settlement at channel sites compared to bays in 2003 and 2006 (Table 
3.3, Fig 3.15 A, C). Settler densities at channel sites during 2003 and 2006 were not significantly 
different (Table 3.3, Fig 3.15 A, C). Comparing settlement in three separate bays in 2003, settler 
density was higher in Norrie Bay compared to Vanderburgh Bay and lower in Hyde Park Bay 
compared with Vanderburgh Bay (Table 3.3). 
Though settlement generally occurred throughout the sampling period (June to October), 
there were usually several peaks in settlement which varied in timing and size (proportion of 
total settlement) from year to year (Fig 3.7). In 2003 and 2004, the largest peak in settlement 
occurred around mid July. In 2005 and 2006, however, the largest peak in settlement occurred 
later in the season, in September (2005) and mid August (2006). 
Recruitment 
Although there were fluctuations in recruitment at the same site between years, there did 
not appear to be a trend for recruitment to decrease or increase over the sampling period (Fig 3.8 
A). In contrast, mean recruit size decreased over the sampling period (Fig 3.8B). Mean recruit 
length at Norrie Channel decreased significantly (-3.742 mm) between October 2002 (7.095 ± 
1.97 mm, n=22,036) and October 2006 (3.353 ± 1.511 mm, n=685) (twosample t-test, p=0.000). 
Mean recruit length at Norrie Bay decreased significantly (-1.45 mm) between October 2002 
(6.635 ± 2.094 mm, n=22,053) and October 2006 (5.185 ± 1.949 mm, n=837) (twosample t-test, 
p=0.000). Mean recruit length at Tivoli Channel decreased significantly (-2.99mm) between 
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October 2002 (7.121 ± 1.872 mm, n=10,894) and October 2006 (4.132 ± 1.854 mm, n=734) 
(twosample t-test, p=0.000). Mean recruit length at Tivoli Bay decreased significantly (-
2.961mm) between October 2002 (9.326 ± 2.678 mm, n=5,116) and October 2006 (6.365 ± 
2.946 mm, n=658) (twosample t-test, p=0.000). The greatest decline in size was found at Norrie 
Channel (3.742mm), the least at Norrie Bay (1.45) and, at the two sites at Tivoli, recruit size 
declined by ~3 mm. 
Throughout the sampling period, recruits were larger in bay sites (Table 3.6, Fig 3.8B). In 
2002, recruits were larger at Tivoli sites compared to Norrie sites, with highest mean recruit size 
at Tivoli Bay (Table 3.6, Fig 3.8B). In 2003, recruits were larger at Vanderburgh sites compared 
to Hyde Park Channel site, with mean recruit size highest at Vanderburgh Bay (Table 3.6, Fig 
3.8B). In 2006, there was no difference between size of recruits at Norrie Bay and Tivoli 
Channel. Mean recruit size was highest at Tivoli Bay and lowest at Norrie Channel (Table 3.6, 
Fig 3.8B). 
There was a difference in recruit size frequency distributions between earlier years (2002 
– 2004) and later years (2005 – 2006). In 2002 – 2004, size frequencies were fairly normally
distributed whereas in 2005 and 2006, size frequencies were highly skewed towards the smallest 
size classes (Fig 3.9). 
Recruit survival 
At the end of October 2004, no recruits were visible on underwater plates at either Norrie 
or Tivoli, although juveniles / adults were visible on plates by commencement of sampling again 
in July 2005 (Fig 3.10). Juvenile / adult densities in 2005 were greater at Tivoli than Norrie. By 
the middle of September, however, survivorship of the 2004 cohort at both sites was zero. In 
2006, survivorship of the 2005 cohort was zero by the end of August. 
Relationships between life-stages 
There was a significant inverse linear relationship (p=0.0099) between larval density and 
settler density (Fig 3.6). 
There was a significant curvilinear relationship (p=0.005) between larval density and 
aggregate filtration rate of the population (Fig 3.11A) and a significant inverse linear relationship 
(p=0.0074) between settler density and aggregate filtration rate of the population (Fig 3.11B). 
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Comparisons within and between sites / habitats (channels & bays) 
When comparing larvae between channel sites (Fig 3.12), coefficients of inter-site 
variation (CIV) were low (< 0.2) indicating little difference in larval densities between channel 
sites. There was little difference in settler densities between channel sites also, except in 2004, a 
year in which settler density was very low. Conversely, CIVs for recruit densities at channel sites 
were high, ranging from 0.4 to 0.72, indicating a much bigger difference in recruitment between 
channel sites than larval supply or settlement. 
When comparing paired channel and bay sites (Fig 3.13), data were much more variable. 
Generally differences between larval densities were low and differences between settler and 
recruit densities were high. At Tivoli in 2002, the CIV for larval densities between channel and 
bay sites was fairly low (0.29) whilst the CIV for recruit densities was higher (0.65). 
Conversely, at Norrie channel and bay sites in 2002, the CIV for larval densities was much 
higher (0.54) whilst the CIV for recruit densities was very low (0.06). However, in 2006 the 
CIV for recruit densities was 0.57 indicating differences between years. At Vanderburgh 
channel and bay sites during 2003, the CIV for larval densities was very low (0.01) whilst the 
CIVs for settler and recruit densities were much higher (1.17 and 1.04 respectively). CIVs were 
very high for all life stages at Hyde Park channel and bay sites: 1.25 (larvae), 1.38 (settlers) and 
1.41 (recruits). 
Discussion 
My broad investigation of early life history dynamics has uncovered distinct differences 
between early life stage dynamics during the first three years of the study (2002 to 2004) and 
those occurring during the final two years of the study (2005 & 2006) (Table 3.7). In later years, 
larval densities were significantly lower, particularly in 2006 (Table 3.1, Fig 3.5A) and spawning 
events were reduced to one per year compared with two to four in earlier years (Fig 3.3). 
Settlement was significantly higher (Table 3.4, Fig 3.5B) and peaked later in the season in later 
years (Fig 3.7). Recruits were smaller in later years (Fig 3.8B) and size frequency distributions 
highly skewed to small sizes (Fig 3.9) compared to fairly normal distributions in earlier years. 
Such differences in early life stage dynamics correspond with a steep decline in annual 
survivorship rates of zebra mussels in the Hudson River; annual survivorship of adult zebra 
mussels during 2005 and 2006 was ~ zero (Fig 3.10). 
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Heavy mortality of adult zebra mussels in late summer has been observed for at least four 
years since 2004 (Strayer et al.2011, Carlsson et al.2011), has led to virtually zero survivorship 
of mussels between aged one and two and is likely caused by intense predation by large 
predators, particularly blue crabs (Carlsson et al.2011). Such a phenomenon has led to a change 
in the size structure of zebra mussel populations in the Hudson River and may be the main driver 
of changes in early life history dynamics seen in this study. 
The size structure of mussel populations in the Hudson River has changed from being 
composed of many age classes (up to about four) to a single age class of young, small sized 
individuals (Fig 3.9). Such a decrease in mean adult somatic size would likely affect larval 
density as female fecundity is proportional to shell length either exponentially (Walz 1978) or 
linearly (Stoeckel et al.2004), and indeed, larval density generally declined over time in this 
study (Fig 3.5A). Moreover, smaller, young animals may not be able to build up enough 
resources to spawn multiple times during their first season and a portion of the population may 
not have been sexually mature (too small) at the beginning of June in later years. In 2006, larval 
abundance did not peak until approximately six weeks after veligers were first seen in samples 
(Fig 3.3) suggesting that not all animals were ready to spawn when environmental conditions 
were favorable. Estimates of size at sexual maturity vary between 7 – 11mm (Araujo et al.2010) 
and 5 – 13 mm (Nichols & Kollar 1991) depending on location / year. Approximately half of 
zebra mussels sampled in June from the Hudson River were less than 7 mm and some were less 
than 5 mm also (Appendix Figure A.2E) indicating that many mussels were likely sexually 
immature in June 2006. Such a staggered first spawning could have reduced the likelihood of egg 
and sperm encounters (eggs and sperm are viable for only a short time once released (Ram et 
al.1996)), thus exacerbating the effect of smaller body size on overall egg and sperm production. 
The combined effect of smaller adult body size (driven by zero survivorship of adult mussels 
between age one and two) on fecundity and staggered spawning likely reduced larval densities in 
later years and may have led to only a single spawning event in later years. A contributing 
environmental factor to particularly low larval densities in 2006 could have been high flow 
during this year. U.S. Geological Society records at Green Island indicate that mean freshwater 
discharge for June and July 2006 was three times higher than mean discharge for each month 
over the past 60+ years (1946 to 2008). Thus there would likely have been higher net 
downstream transport of larvae during 2006 compared to previous years. 
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In contrast to larval density which decreased in later years, settler density increased 
throughout the period of the study (Fig 3.5B) with peak settlement occurring later in the season 
in later years (Fig 3.7). It is difficult to say whether later peaks in settlement were a result of 
staggered spawning or slower growth in the plankton. If growth in the plankton was slower in 
2005 and 2006, then conditions in the plankton must have been less favorable in 2005 and 2006 
compared to earlier years. In 2005 a potentially toxic cyanobacteria, Microcystis sp., dominated 
the phytoplankton community in late summer and comprised ~ 55 % of algal biovolume (Fernald 
et al.2007). Zebra mussels likely selectively reject Microcystis as a food source (Vanderploeg et 
al.2001, Juhel et al.2006) which can result in lowered condition of adult mussels (Vanderploeg 
et al.2009) and likely larvae. Such a high percentage of Microcystis in the plankton, combined 
with higher maximum temperatures in later years (Appendix Table A.1) and lower minimum 
dissolved oxygen levels (Appendix Table A.2) may have slowed growth of veligers during 2005 
and 2006. However it is difficult to reconcile slower veliger growth with higher settlement 
success in 2005 and 2006 as potentially unfavorable environmental conditions would likely have 
affected both veligers and settling larvae (unless there was a vertical gradient in environmental 
conditions). Perhaps later peaks in settlement during 2005 and 2006 were mainly due to 
staggered spawning or smaller egg sizes of small adults. Additionally, the timing of mass adult 
mortality occurred right around peak settlement in 2005 and 2006 (indicated by arrows in Fig 
3.7); settlers would have been released from any negative intercohort effects which could have 
led to an increase in settler survivorship after adult mortality (see section potential mechanism 
for population regulation for a discussion). 
Settlement peaks later on in the season would have led to a decrease in recruit size in 
later years (Fig 3.8B) as mussels would have had less growing time in the benthos prior to 
census. In addition, those animals that settled before or during a heavy predation event would 
likely suffer huge losses due to crushing by predators. Other researchers and I found higher 
recruitment in cages where large predators had been excluded compared to controls open to large 
predators (Carlsson et al.2011), even though recruits were not directly vulnerable to large 
predators. Thus animals that settle during fall, after a predation event, would likely enjoy a 
higher probability of survivorship. Surviving recruits at the end of the season would include a 
much higher proportion of later settling (smaller) individuals thus leading to a highly skewed 
size distribution of recruits. Many such recruits would likely be immature the following spring 
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leading to staggered spawning and low larval densities and so the cycle above would likely 
continue for as long as heavy adult mortality occurred in late summer. 
The phenomenon of heavy adult mortality in late summer seems to be the main driver for 
changes in early life history dynamics seen in this study. Though larval density and spawning 
events declined, settlement increased which may be an important factor ensuring the persistence 
of zebra mussel populations, despite such huge adult mortality. Other invasive species, for 
example the round goby, have suffered similar declines after an initial period of rapid expansion 
(Johnson et al. 2005) and their decline has been attributed to heavy predation (Madenjian et al. 
2011) although not of the same magnitude as that of the zebra mussel population in the Hudson 
River (Carlsson et al. 2011). In fact, there is growing evidence that many populations of invasive 
species suffer dramatic collapse after an initial period of rapid expansion (Simberloff and 
Gibbons 2004) though the causes of such collapses are often unknown. Whether an invasive 
species can persist may depend on factors affecting all stages of the lifecycle, not just the adult 
stage. Thus future studies must incorporate early life stage dynamics as well as adult dynamics in 
order to fully understand the potential persistence of invasive populations. 
Potential mechanism for population regulation 
One of the most unexpected findings, with potential implications for population 
regulation, is an inverse relationship between larval density and settler density (Fig 3.6). 
However, as I did not manipulate densities directly, my observations could be affected somewhat 
by stochastic environmental factors. Another caveat to consider is that there are few data points. 
However, with such a highly significant response, it seems likely that settlement is negatively 
affected to some degree by increases in larval density. I found a similar inverse linear relationship 
between settlement and aggregate adult filtration rate (Fig 3.11B) though the same caveats apply. 
An inverse relationship between larval density and setter density could be due to density 
dependence in the larval or very early (< one week old) post-settlement phase (intracohort 
interactions). Alternatively, such a relationship could be driven mainly by adult interactions 
between late stage larvae, settling larvae and / or very early post settlers (intercohort 
interactions). 
Evidence for density dependence in the larval stage comes from laboratory studies. When 
larvae were reared at two different densities, overall survivorship to competency increased two-
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fold at lower densities (Stoeckel et al.2004), although densities in the laboratory study (300 and 
150 per L) were higher than field densities. If density dependence in the larval phase reduced the 
number of larvae settling at high larval densities in this study, then I would expect a lower 
proportion of late stage larvae in years when larval density was high. In fact, I found the 
opposite: there was a higher proportion of larvae in the largest size class in 2002 (when larval 
densities were highest) and in 2005 at Tivoli when larval densities were high also (Fig 3.4A) . 
Unfortunately I do not have larval size class data for 2006 when larval density was lowest. 
However, there are caveats to consider, for example differences in growth between sites or years 
due to environmental stochasticity could affect the proportions of larvae in each size class (due 
to resampling of slower growing larvae in smaller size classes). In addition, delayed settlement 
could lead to an increase in the proportion of larvae in the largest size class. Thus larval size 
class data provide only a very coarse estimate of survivorship to competency. However, as only 
strong over-compensating density dependence could lead to an inverse relationship between 
larval density and settler density, I would have expected to see some evidence of decreases in the 
proportion of larvae in larger size classes at highest larval densities. Although by no means 
conclusive, I found no evidence of strong over compensating density dependence in the larval 
phase in this study. 
Density dependence in the early post settlement phase (i.e. first few days post settlement, 
prior to weekly settlement census) is another mechanism that could drive an inverse relationship 
between larval and settler densities. Though the early period just after settlement has rarely been 
studied, I investigated early post settlement mortality of mussel populations in the Hudson River 
over a two week period in June / early July 2005 (chapter 1). I found very high mortality in the 
first few days after settlement, although after an early critical period, survivorship was high. 
Interestingly, mortality was lowest at the site with highest daily settlement which does not 
support the idea of strong over-compensating density dependence in just settled zebra mussel 
larvae. However, much more research is needed before density dependence in just settled larvae 
can be discounted as a mechanism for driving an inverse relationship between larvae and settlers. 
Intercohort interactions, particularly competition between adults and larval stages has 
been proposed as the mechanism causing an inverse relationship between adult and recruit 
density (Strayer & Malcom 2006, Strayer et al. 2011). I found a curvilinear relationship between 
larval density and aggregate filtration rate (Fig 3.11A) which suggests a decline in larval density 
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at high adult density (perhaps an under-compensating density dependent response). However, 
adults and larvae may not necessarily be in competition for food resources. Larger mussels feed 
more effectively on zooplankton (MacIsaac et al.1995) thus the optimal food resource for adults 
could be zooplankton rather than phytoplankton. In addition, though the Hudson River is well 
mixed (Limburg et al.1986, Cooper et al.1988), there could be transient microstratification in 
summer selecting for more buoyant groups of phytoplankton (Cole et al.1992, Fernald et 
al.2007) which may lessen any impact of intercohort competition for food resources between 
planktonic larvae and benthic adults. The possibility of intercohort competition between larvae 
and adults and density dependence in the larval phase are avenues for further research. 
Another important intercohort interaction is cannibalism which has been proposed as a 
mechanism underlying inverse relationships between adult density and settlement in two marine 
bivalves (André & Rosenburg 1991). Cannibalism may be an important mechanism driving a 
similar inverse relationship between aggregate filtration rates and settling zebra mussels in this 
study (Fig 3.11B). Adult zebra mussels can consume a wide range of microzooplankton up to 
400 µm in length, including Dreissena veligers (Shevtsova et al.1986). Moreover, in predation 
trials, MacIssac et al. (1991) found that Dreissena veligers can suffer high mortality due to 
cannibalism by adult mussels > 20mm. MacIssac et al. showed also that a model incorporating 
70% density independent larval mortality with larval predation by adults, correctly predicted 
adult densities in 1990 in Western Lake Erie. In two contrasting experimental field studies 
investigating recruitment in the presence of adults, Chase & Bailey (1996) found a positive 
relationship between recruitment and adult density, whereas Mortl & Rothhaupt (2003) found 
significantly more recruits on blocks containing empty zebra mussel shells than blocks 
containing live mussels. Mortl & Rothhaupt (2003) proposed that lower recruitment on live 
mussel blocks was due to larva – adult interactions including intercohort predation (cannibalism) 
& competition. At first the results of these two studies appear rather contradictory. However, 
Chase & Bailey used relatively small adult mussels 6 – 21 mm in size which may have been too 
small to prey upon veliger sized microzooplankton (small adults may not generate feeding 
currents strong enough to entrain larvae). Although Mortl & Rothhaupt did not provide size 
information, the density of adults used in their study was much higher than densities in Chase & 
Bailey’s study. In marine mussel populations, cannibalism could alter a potential positive 
relationship between larval supply and settlement depending on the intensity of larval supply 
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(Pineda et al. 2010). Indeed, conspecific larvae and post-larvae can comprise ~ 70% of food 
ingested by adult mussels (Alfaro 2006) and cannibalism by adult mussels can remove up to 77% 
of competent mussel larvae from a pool of potential settlers (Porri et al.2008). Thus it seems 
likely that cannibalism of larvae / settling larvae by large adult zebra mussels could significantly 
reduce settlement. Such a phenomenon would likely depend on the density and size of adult 
mussels and could lead to an inverse relationship between adult filtration rate and settlement as 
seen in this study (Fig 3.11B). Smaller animals may not exert the same control on settling larvae 
as larger adults as they may not be able to generate feeding currents strong enough to entrain 
their own larvae. Cannibalism would likely affect settling larvae to a greater degree than younger 
larval stages as settling larvae would be lower in the water column at the pelagic – benthic 
interface. However, younger larval stages would likely be preyed upon to some degree due to 
mixing of the water column. Thus cannibalism may generate under-compensating density 
dependence between adults and planktonic larval stages (as suggested by a curvilinear 
relationship between aggregate filtration rates and larval abundance in Fig 3.11A) and over 
compensating density dependence between adults and settling larvae (Fig 3.11B). 
Regardless of the underlying mechanism (it may well be a combination of factors), 
settlement was lower at high larval density / high adult filtration rates and higher at low larval 
density / low adult filtration rates. Heavy mortality at settlement will constrain recruitment and 
thus has the potential to control population dynamics, although in the case of cannibalism, may 
impact mainly those larvae that settle into areas occupied by adults. Thus, when adult filtration 
rates are high (population comprised of a large number of large adults) settlement is depressed 
which could lead to suppression of subsequent cohorts by a large dominant cohort as suggested 
by Strayer & Malcom (2006). However, when adult filtration rates are low, settlement could be 
relatively unregulated, although constrained by adult fecundity. Higher settlement when adult 
filtration rates are low (adults in low density or small size) may be an important mechanism 
facilitating persistence of zebra mussel populations under heavy predation pressure on adults. 
The importance of local processes compared to river-wide processes in driving dynamics 
Between channel sites, recruitment was much more variable compared to larval or settler 
densities (Fig 3.12), although settler densities were highly variable in 2004 (Fig 3.12). However, 
in 2004, settler densities at all sites were very low and in fact, were not significantly different 
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(Table 3.3, Fig 3.15B). Even within the same site, recruitment varied considerably between 
replicates (see in particular Tivoli channel site in 2006 – Fig 3.8A). Thus as larval and settler 
densities varied little between channel sites but recruitment did, it seems likely that river-wide 
processes dominate events in the plankton whereas small scale local processes dominate events 
in the benthos. Such benthic processes are likely independent of density (chapter 2) and could 
include the influence of local hydrodynamics on food availability and / or predator activity 
including incidental crushing (chapter 2). 
In the light of strong local processes affecting density of recruits, it is quite surprising that 
there was little difference in settlement between channel sites. However, if local processes are 
mainly dominated by predator activity and predation on just settled larvae is minimal (chapter 1), 
then such a result would be expected. One caveat regarding settlement onto artificial plates, 
however, is that the narrow spacing of plates likely provided a refuge from large predators; 
settlement onto natural substrates could have been affected by local processes also. 
Little difference in larval densities between sites would be expected if larval abundance 
was mainly driven by river-wide processes (for example if larval dispersal was high) and / or if 
abiotic and biotic conditions at channel sites were similar. 
Between paired channel and bay sites, life stage densities were much more variable 
even at the same sites in separate years (Fig 3.13). For example recruitment at Norrie channel 
and bay sites varied little in 2002 (CIV = 0.05) but varied much more in 2006 (CIV = 0.57). In 
2002, although I do not have settler data for comparison, variation in larval densities between 
sites was fairly high (CIV = 0.54), with densities lower at Norrie bay (Fig 3.14A), whilst 
recruitment was similar; either the proportion of larvae settling or surviving to settle was higher 
in Norrie bay or post settlement survival was greater in 2002. One possible explanation for a 
higher proportion of larvae settling and / or surviving in Norrie bay was lowered risk of 
cannibalism as adult density at Norrie bay site was low. The dynamics in 2006, however, 
complicate this scenario as settlement and recruitment were lower in Norrie bay (CIVs = 0.48 
and 0.57 respectively). However, aggregate filtration rate was very low in 2006 suggesting a low 
risk to larvae from cannibalism at both sites. Thus in the absence of cannibalism, channel sites 
may offer a more favorable habitat for early life stages compared with bays. 
In contrast to Norrie sites, both larval density (CIV = 0.29) and recruitment (CIV = 0.64) 
were lower in Tivoli bay compared to Tivoli channel during 2002, although the difference 
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between larval densities was much less than those at Norrie sites. The proportion of larvae 
settling and / or post settlement survival must have been lower in Tivoli bay than at Tivoli 
channel, suggesting processes operating in bays on all early life stages are highly site specific. 
Indeed, at Tivoli bay, recruitment plates were often covered with freshwater sponges that had 
overgrown zebra mussel recruits (Fig 3.16). Freshwater sponges have often been reported to 
overgrow and kill zebra mussels (Zhadin 1946, Ricciardi et al.1995, Lancioni & Gaino 2007) 
and are considered one of the most effective competitors of zebra mussels at a local scale 
(Ricciardi et al.1995, Molloy et al.1997). Overgrowth of zebra mussel recruits by sponges was 
not seen at Norrie bay or any of the channel sites indicating that interspecific competition 
between zebra mussels and sponges was highly localized in the Hudson River. 
In 2003 larval densities were no different between Vanderburgh channel and bay sites 
(CIV = 0.01), although settlement and recruitment were much lower at Vanderburgh bay site 
(CIVs = 1.17 and 1.04 respectively). In summer months, there were dense mats of the invasive 
aquatic macrophyte Trapa natans in Vanderburgh bay which would have lowered dissolved 
oxygen conditions, leading to unfavorable conditions for settlement and / or post settlement 
survivorship of zebra mussels (Skrip 2005). Some bays may thus be largely inhospitable for 
early life stages. In Hyde Park bay, the density of all young life stages was much lower than 
densities at the channel site (CIVs > 1). As the bay is relatively small with only one culvert 
allowing exchange between the bay and the main channel, freshwater discharge may have much 
more of an impact in the bay than tidal exchange, bringing fewer larvae into the bay. 
Although recruitment was generally much lower in bays compared to channel sites 
(except in 2002 at Norrie bay), recruits were generally much larger in bays (Fig 3.8B). It is 
difficult to determine whether larger recruit size in bays was due to the effect of reduced 
competition between recruits (recruit density was lower), higher food quantity / quality or a 
combination of factors. It would be interesting to conduct density manipulation experiments at 
channel and bay sites to determine the importance of such factors to recruit size / condition. 
Summary 
Heavy mortality at the end of summer and a shortened life span (one year) of zebra 
mussel populations in recent years has likely had profound impacts on the dynamics of the 
population. Smaller recruit size at the end of the reproductive season likely leads to lower 
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fecundity of adults, staggered spawning and possibly declines in larval densities. Individual 
filtration rates are a function of size and aggregate filtration rates of the population are lower due 
to decreases in mean somatic size. Low aggregate filtration rates are correlated with high 
settlement. Such a phenomenon could be an important regulation mechanism for zebra mussels 
and may be due to intercohort cannibalism. Increased settlement when adults are in low density 
or small size may be an important mechanism for persistence of the population under heavy 
predation on adults. Once settled, survivorship in the early benthic phase is more likely driven by 
density independent mortality, with mortality factors highly localized and subject to small scale 
biotic and abiotic conditions in respective habitats. 
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TABLES 
Table 3.1.  Results of fitting a general linear model with negative binomial distribution and log 
link function to investigate differences in larval density over 4 years (2002, 2004 – 2006) at 
Norrie and Tivoli channel sites. Weekly densities over the sampling period (May to Oct) were 
pooled to produce mean weekly densities per year (n=2). 
Norrie Channel 
 Estimate Std. Error Z value Pr(>|z|) 
(Intercept) 7.11151 0.03066 231.945 < 2e-16 
2002 0.62108 0.04113 15.101 < 2e-16 
2004 0.26312 0.04226 6.226 4.77e-10 
2006 -0.23422 0.04458 -5.253 1.49e-07 
Tivoli Channel 
(Intercept) 7.48829 0.03384 221.314 <2e-16 
2002 0.06657 0.04766 1.397 0.1625 
2005 0.12058 0.04752 2.538 0.0112 
2006 -0.85104 0.05163 -16.485 <2e-16 
 
Table 3.2.  Results of fitting a general linear model with negative binomial distribution and log 
link function to investigate differences in larval abundance with site during 2002 and 2003. 
Weekly densities over the sampling period (May to Oct) were pooled to produce mean weekly 
densities per year (n=2). 
2002 
 Estimate Std. Error Z value Pr(>|z|) 
(Intercept) 7.13688 0.02740 260.451 < 2e-16 
Norrie Channel 0.59571 0.03638 16.376 < 2e-16 
Norrie Bay -0.20785 0.03992 -5.207 1.92e-07 
Tivoli Channel 0.41798 0.03696 11.309 < 2e-16 
2003 
(Intercept) 6.81947 0.03441 198.171 <2e-16 
Hyde Park Bay -2.77642 0.10293 -26.974 <2e-16 
Vanderburgh Bay 0.09476 0.04816 1.968 0.0491 
Vanderburgh Channel 0.10612 0.04810 2.206 0.0274 
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Table 3.3.  Results of fitting a general linear model with negative binomial distribution and log link 
function to investigate differences in settlement with site in 2003, 2004 and 2006. Weekly densities 
over the sampling period (May to Oct) were pooled to produce mean weekly densities per year (n=3). 
2003 (all 5 sites) 
 Estimate Std. Error Z value Pr(>|z|) 
(Intercept) 3.71357 0.13622 27.262 < 2e-16 
HP Channel 0.01613 0.19231 0.084 0.933 
Norrie Bay -1.02799 0.22740 -4.521 6.16e-06 
Vanderburgh Bay -2.32728 0.33513 -6.944 3.80e-12 
HP Bay -4.81218 1.01439 -4.744 2.10e-06 
2003 (bay sites only) 
(Intercept) 1.3863 0.3783 3.664 0.000248 
Norrie Bay 1.2993 0.4750 2.735 0.006233 
HP Bay -2.4849 1.0968 -2.266 0.023473 
2004 (all 4 sites) 
(Intercept) 1.6740 0.2500 6.695 2.15e-11 
Norrie Bay 0.1719 0.3393 0.506 0.613 
Tivoli Bay -0.2877 0.3819 -0.753 0.451 
Tivoli Channel -0.6931 0.4330 -1.601 0.109 
2006 (all 3 sites) 
(Intercept) 5.7526 0.2540 22.649 <2e-16 
Tivoli Channel 0.1035 0.3590 0.288 0.7732 
Norrie Bay -0.7135 0.3607 -1.978 0.0479 
 
Table 3.4.  Results of fitting a general linear model with negative binomial distribution and log 
link function to investigate differences in settlement with year at Norrie Channel and Norrie Bay 
sites. Weekly densities over the sampling period (May to Oct) were pooled to produce mean 
weekly densities per year (n=3). 
Norrie Bay 
 Estimate Std. Error Z value Pr(>|z|) 
(Intercept) 4.7847 0.2974 16.086 < 2e-16 
2003 -2.0991 0.4437 -4.731 2.24e-06 
2004 -2.9389 0.4762 -6.171 6.78e-10 
2006 0.2544 0.4199 0.606 0.545 
Norrie Channel 
(Intercept) 4.6852 0.1097 42.706 < 2e-16 
2004 -3.0112 0.2890 -10.421 < 2e-16 
2006 1.0674 0.1485 7.187 6.6e-13 
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Table 3.5.  Results of fitting a general linear model with negative binomial distribution and log 
link function to investigate differences in recruitment with site in 2002, 2003 and 2006 (n=3). 
2002 
 Estimate Std. Error Z value Pr(>|z|) 
(Intercept) 8.36637 0.28329 29.533 < 0.0001 
Norrie Bay 0.08262 0.40062 0.206 0.837 
Tivoli Bay -1.56694 0.40099 -3.908 < 0.0001 
Tivoli Channel -0.57844 0.40070 -1.444 0.149 
2003 
(Intercept) 8.1319 0.1063 76.510 < 0.0001 
Hyde Park Channel 1.1231 0.1501 7.483 < 0.0001 
Hyde Park Bay -7.0333 0.3655 -19.242 < 0.0001 
Vanderburgh Bay -1.8813 0.1521 -12.368 < 0.0001 
2006 
(Intercept) 8.1049 0.2694 30.082 < 0.0001 
Norrie Bay -0.8585 0.3812 -2.252 0.02431 
Tivoli Bay -1.1968 0.3813 -3.139 0.00170 
Tivoli Channel 0.7045 0.3810 1.849 0.06443 
 
Table 3.6.  Results of fitting a generalized least squares model or simple linear regression to 
investigate differences in size with site in 2002, 2003 and 2006 (mean length per plate, n ~ 30 
plates per site). 
2002 (Generalized least squares fit by REML) 
 Estimate Std. Error t value P value 
(Intercept) 6.643040 0.1980111 33.54882 0.0000 
Norrie Bay -0.218290 0.2415153 -0.90384 0.3681 
Tivoli Bay 3.299384 0.3343094 9.86925 0.0000 
Tivoli Channel 1.076064 0.2110134 5.09951 0.0000 
2003 (Generalized least squares fit by REML) 
(Intercept) 5.952333 0.07189022 82.79754 0.0000 
Vanderburgh Bay 4.103381 0.21374974 19.19713 0.0000 
Vanderburgh Channel 0.357250 0.10122926 3.52912 0.0007 
2006 (Simple linear regression) 
(Intercept) 4.7686 0.2451 19.452 < 0.001 
Norrie Channel -1.5536 0.6934 -2.241 0.0332 
Tivoli Bay 1.8874 0.3798 4.970 < 0.001 
Tivoli Channel -0.3336 0.4476 -0.745 0.4623 
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Table 3.7.  Major differences in early life history population parameters in early years (2002 – 
2004) compared with later years (2005 – 2006).  
2002 - 2004 2005 - 2006 
Larval supply higher lower 
Spawnings per year 2-4 1 
Settler density lower higher 
Peak in settlement July August / September 
Recruit size / size frequency 
distribution Larger / normally distributed 
Smaller / highly skewed 
to small sizes 
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FIGURES 
      
Figure 3.1.  PVC frames and artificial PVC substrate used to estimate A settlement and B 
recruitment. 
 
     
Figure 3.2.  Artificial PVC plates secured underwater at Tivoli to estimate recruit / adult 
abundance over time. 
A B 
108 
 
    
    
 
Figure 3.3.  Mean weekly larval abundances during 2002 to 2006. Closed circles indicate data 
for Norrie Channel, open circles indicate data for Tivoli Channel (2002, 2004 to 2006). Closed 
circles indicate data for Hyde Park Channel, open circles indicate data for Vanderburgh Channel 
(2003). Note different scales on the y axes. 
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Figure 3.4.  Proportion of larvae in each size class µ from A pooled samples during each year at 
channel sites and B during 2002 & 2003 at channel and bay sites. NC denotes Norrie Channel, 
TC denotes Tivoli Channel, NVC denotes Hyde Park Channel, VC denotes Vanderburgh 
channel, NM indicates Norrie Bay, TB indicates Tivoli Bay, NVB indicates Hyde Park Bay and 
VB indicates Vanderburgh Bay. 
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Figure 3.5.  A Mean weekly larval density at channel sites for years 2002 to 2006. Closed circles 
indicate data for Norrie, open circles indicate data for Tivoli, closed triangle indicates data for 
Hyde Park Channel (2003), open triangle indicates data for Vanderburgh Channel (2003) and B 
Mean weekly settler density at different sites for years 2003 to 2006. Closed circles indicate data 
for Norrie Channel (years 2004 – 2006), open circles indicate data for Tivoli Channel (years 
2004 & 2006), closed triangle indicates data for Norrie Bay (years 2003 – 2006), closed square 
indicates data for Hyde Park Channel (2003), open square indicates data for Vanderburgh 
Channel (2003). 
 
 
Figure 3.6.  Mean weekly larval density (veligers per 30L) and mean weekly settler density 
(settlers per 600 cm2) at Norrie and Tivoli Channel sites during 2004 to 2006. 
A B 
y = 646.35 – 0.3846 *x 
p = 0.0099 
r2 = 0.92 
n= 5 
111 
Figure 3.7.  Proportion of total settlement per two week period (red arrows indicate start of mass 
adult mortality) for years 2003 to 2006 at Norrie (2004 – 2006) and Hyde Park channel site (2003). 
Figure 3.8.  A Mean recruit density B Mean recruit size at the end of October at various sites 
over period 2002 – 2006. Closed circles indicate data for Norrie Channel, open circles 
indicates data for Tivoli Channel, closed triangles indicate data for Norrie Bay, open triangles 
indicate data for Tivoli Bay, closed squares indicate data for Hyde Park Channel, open squares 
indicate data for Vanderburgh Channel, closed diamonds indicate data for Hyde Park bay, open 
diamonds indicate data for Vanderburgh bay. 
A B 
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Figure 3.9.  Recruit size frequency histograms for years 2002 – 2006 at Norrie channel site 
(2002, 2004 – 2006) and Hyde Park channel site (2003). 
2003 
2006 
2005 2004 
2002 
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Figure 3.10.  Mean (+/- SE) zebra mussel density on underwater recruitment plates during 2005 
and 2006. Closed circles solid line indicates data for Norrie Channel during 2005, closed circles 
dashed line indicates data for Norrie Channel during 2006, and open circles solid line indicates 
data for Tivoli Channel during 2005. 
Figure 3.11.  Aggregate filtration rate of the river-wide zebra mussel population (taken from 
Strayer et al.2011) and A mean weekly larval density at Norrie and Tivoli channel sites during 
2002 – 2006 and B mean weekly settler density at Norrie and Tivoli channel sites during 2004 to 
2006. 
A B 
y = 1509.23*x 0.1979 
p = 0.005 
r2 = 0.76 
n= 8 
y = 326.25 – 160.43*x 
p = 0.0074 
r2 = 0.93 
n= 5
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Figure 3.12.  Coefficient of inter-site variation for different life stages between channel sites in 
2002 (closed triangles), 2003 (closed circles), 2004 (open triangles) and 2006 (open circles). 
Figure 3.13. Coefficient of inter-site variation for different life stages between paired channel 
and bay sites: closed circles indicate data from Norrie channel & bay sites (2002), open circles 
indicate data from Tivoli channel & bay sites (2002), closed triangles indicate data from Norrie 
channel & bay sites (2006), open triangles indicate data from Hyde Park channel & bays sites 
(2003) and closed squares indicate data from Vanderburgh channel & bay sites (2003). 
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Figure 3.14.  Mean weekly larval density at four sites (2 channel sites and 2 bay sites) during A 
2002 and B 2003. NC & NB denote Norrie channel and bay respectively, TC & TB denote Tivoli 
channel and bay respectively, HPC & HPB denote Hyde Park channel and bay respectively, VC 
and VB denote Vanderburg channel and bay respectively. 
Figure 3.15.  Mean weekly settler density at channel and bay sites A in 2003 B in 2004 C in 
2006. NC & NB denote Norrie channel and bay respectively, TC & TB denote Tivoli channel 
and bay respectively, HPC & HPB denote Hyde Park channel and bay respectively, VC and VB 
denote Vanderburg channel and bay respectively. 
A B 
A 
C 
B 
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Figure 3.16.  Overgrowth of zebra mussel recruits by sponges at Tivoli Bay site in 2005. 
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SUMMARY 
The first few days after settlement are a distinct and critical phase for zebra mussels. 
Estimates of mortality varied between 83 - 92% for the second day and 38 - 88% over the first 
four days post settlement. However, the critical period for settler survival was brief, lasting only 
a few days, and animals that survived this period suffered little or no mortality subsequently (at 
least over the duration of the study). To my knowledge such high survivorship in the very early 
benthic phase has not been documented before. High survivorship after a brief critical period 
indicates that zebra mussel settlers in the Hudson River are not subject to much predation 
pressure or strong intra or inter specific competition which could reduce their number, at least 
after the first few days post settlement. Though mortality was high over the first few days, it was 
variable between sites, suggesting the importance of environmental factors. As survivorship up 
to a year after settlement is relatively independent of density (see below), variation in mortality 
during this early critical phase may continue to manifest itself in recruit and adult abundances. 
Thus an understanding of the causes of such high mortality during those first few critical days 
post settlement is crucial to understanding zebra mussel population dynamics. 
Tracking zebra mussels at intervals for a year after settlement (the typical lifespan of 
zebra mussels in the Hudson River recently) I found no evidence of density dependent mortality 
until later in the benthic phase (almost a year since first settlement). Interestingly there was a 10 
fold increase in filtration rates in the later period (zebra mussels almost doubled in length during 
a three month period from May to July). It is possible that intraspecific competition for limited 
food resources which increases as zebra mussels increase in size / filtering capacity is the 
mechanism generating density dependence. Such a potential regulation mechanism is likely to be 
affected by food quantity and quality. The extent to which density independent or density 
dependent mortality is important in population dynamics will depend on the lifespan and age 
structure of the population; density independent mortality may be more important in a population 
comprised of a single young (small) age class, whereas density dependent mortality may be more 
important in a population comprised of many age classes. 
The presence of conspecific adults negatively affected zebra mussel recruitment 
regardless of density. Such a result is in complete contrast to other researchers who found a 
positive relationship between recruitment and conspecific density and indicates that the effect of 
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conspecific density on zebra mussel recruitment success must be highly context dependent. 
Possible mechanisms for a decrease in recruitment in the presence of adults include intercohort 
cannibalism and / or incidental crushing by predators of adult stages. Thus for zebra mussels in 
the Hudson River, gregarious settlement may not be the optimal settlement strategy at present; 
the costs of settling with adults (e.g. crushing by predators, cannibalism) may now outweigh the 
benefits (e.g. increased reproductive success, facilitation). Interestingly, some zebra mussel 
larvae do not settle in response to conspecific cues but rather settle in areas unoccupied by 
adults. Larval settlement behavior and the variability of such behavior, likely play a crucial role 
in determining recruitment success. Further research is needed to determine individual larval 
preferences and whether such preferences are heritable in order to fully understand zebra mussel 
recruitment dynamics. 
Heavy mortality at the end of summer and a shortened life span (one year) of zebra 
mussel populations in recent years has likely had profound impacts on the dynamics of the 
population. Smaller recruit size at the end of the reproductive season likely leads to lower 
fecundity of adults, staggered spawning and possibly declines in larval densities. Individual 
filtration rates are a function of size and aggregate filtration rates of the population are lower due 
to decreases in mean somatic size in later years. Low aggregate filtration rates are correlated with 
high settlement. Such a phenomenon could be an important regulation mechanism for zebra 
mussels and may be due to intercohort cannibalism. Increased settlement when adults are in low 
density or small size may be an important mechanism for persistence of the population under 
heavy predation on adults. Once settled, survivorship in the early benthic phase is more likely 
driven by density independent mortality, with mortality factors highly localized and subject to 
small scale biotic and abiotic conditions in respective habitats. 
Although larvae that settle into areas occupied by adults could suffer high mortality due 
to cannibalism, any reduction in recruitment to the population may be ameliorated by settlement 
of some individuals away from adults. Such a dual settlement strategy could be a major factor 
regulating population persistence under heavy predation pressure on adults. 
I have identified two likely regulation mechanisms in zebra mussel populations in the 
Hudson River, both acting on young (less than one year) life stages. The impact of intercohort 
cannibalism on population dynamics likely depends on size of individuals as well as population 
density. Although cannibalism would affect settling larvae to a greater extent, such intercohort 
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interactions may affect younger larval stages also, depending on the degree of mixing of the 
water column. Interspecific competition later on in the benthic phase may be highly affected by 
environmental factors such as food quantity and quality. Such diverse potential regulation 
mechanisms and interactions may be the drivers of diversity in dynamics of zebra mussel 
populations in general. 
The zebra mussel is a highly successful invasive species inhabiting a range of habitats in 
diverse geographical regions and can be raised in a laboratory setting. Thus the species could be 
used as a model organism to investigate broader questions in ecology / evolution such as the 
costs & benefits of gregarious settlement, whether different settlement strategies are favored in 
different environments and the drivers of species resilience and adaptive microevolution. 
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APPENDIX 
Table A.1.  Temperature data (oC) per month (June to October) for Norrie Channel site 
during 2002, 2004, 2005 and 2006 
JUNE02 JULY02 AUG02 SEPT02 OCT02 
N of Cases 1,440 2,407 1,154 1,428 2,358 
Minimum 15.940 24.390 23.670 20.230 11.600 
Maximum 25.280 27.290 28.090 24.420 26.870 
Arithmetic Mean 20.588 25.856 26.070 22.843 20.828 
Standard Deviation 2.036 0.340 0.849 0.790 4.809 
JUNE04 JULY04 AUG04 SEPT04 OCT04 
N of Cases 1,439 1,488 1,487 1,087 323 
Minimum 16.500 22.480 22.540 17.480 15.200 
Maximum 26.400 26.910 26.450 24.470 18.660 
Arithmetic Mean 21.113 24.511 24.359 22.182 16.943 
Standard Deviation 2.030 0.648 0.884 1.964 0.646 
JUNE05 JULY05 AUG05 SEPT05 OCT05 
N of Cases 1,440 1,446 1,439 1,438 1,127 
Minimum 16.710 23.250 23.620 19.580 9.680 
Maximum 26.230 27.840 28.490 26.290 21.540 
Arithmetic Mean 22.218 25.974 26.500 23.716 15.641 
Standard Deviation 2.435 0.864 0.948 1.317 3.520 
JUNE06 JULY06 AUG06 SEPT06 OCT06 
N of Cases 1,171 1,440 1,618 2,880 263 
Minimum 17.370 21.170 23.390 18.250 17.730 
Maximum 24.670 28.090 29.890 23.520 19.380 
Arithmetic Mean 20.514 25.008 26.041 20.936 18.792 
Standard Deviation 1.518 1.900 1.381 1.037 0.321 
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Table A.2.  Dissolved oxygen data (mg/L) per month (June to October) for Norrie Channel 
site during 2002, 2004, 2005 and 2006 
JUNE02 JULY02 AUG02 SEPT02 OCT02 
N of Cases 1,440 2,407 1,154 1,428 1,256 
Minimum 6.930 3.430 5.540 5.620 5.880 
Maximum 12.060 10.670 9.300 8.900 9.950 
Arithmetic Mean 9.667 7.553 6.929 7.238 8.315 
Standard Deviation 0.824 0.762 0.438 0.488 0.814 
JUNE04 JULY04 AUG04 SEPT04 OCT04 
N of Cases 1,488 1,488 1,487 1,087 323 
Minimum 3.300 6.820 5.490 5.620 5.180 
Maximum 9.900 10.020 9.600 7.850 8.650 
Arithmetic Mean 7.480 8.106 7.264 6.843 7.229 
Standard Deviation 1.305 0.520 0.897 0.332 0.594 
JUNE05 JULY05 AUG05 SEPT05 OCT05 
N of Cases 1,440 1,446 956 782 1,175 
Minimum 4.210 4.110 3.840 4.990 4.960 
Maximum 9.990 9.530 10.150 9.450 11.700 
Arithmetic Mean 7.761 6.381 6.366 7.133 8.993 
Standard Deviation 1.275 0.709 0.906 0.711 1.232 
JUNE06 JULY06 AUG06 
N of Cases 1,171 1,440 1,232 
Minimum 6.890 4.120 2.730 
Maximum 9.890 8.030 8.300 
Arithmetic Mean 8.267 6.791 6.305 
Standard Deviation 0.370 0.516 0.695 
122 
Figure A.1.  Mean weekly chlorophyll a concentrations during A summer (June to August) and 
B total sampling period (June to October). Closed circles indicate data for Norrie Channel, open 
circles indicates data for Tivoli Channel, closed triangles indicate data for Norrie Bay, open 
triangles indicate data for Tivoli Bay. 
Figure A.2.  Size frequency distributions of adults collected at Port Ewen during June A 2002, 
B 2003, C 2004, D 2005, E 2006 kindly provided by Dr. David L. Strayer, Cary Institute of 
Ecosystem Studies, Millbrook, NY. 
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